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Relevance  of  Bulk  Thermodynamics 
to  the  Chemistry  of 

Metal/Compound-Semiconductor  Interfaces 


1)  80UN00RV  CONDITIONS 

fin  interface  cannot  be  stable  if  the  bulk 
phases  that  are  joined  can  react  to  form  more 
stable  products. 

2)  PHRSE  STABILITY 

Determine  the  conditions  under  mhich  turn 
phases  are  stable  mith  respect  to  one  another. 

3)  RERCTIQN  SEQUENCES 

Predict  the  equilibrium  phases  and  the 
intermediate  products  that  can  form  during 
a  reaction. 

4)  STABLE  INTERFACES 

Deposit  metals  that  are  at  chemical 
equilibrium  under  the  conditions  that  the 
interface  mill  experience. 
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Hasn't  all  of  this  been  done  already? 


Hasn't  it  been  shornn  that 
thermodynamic  predictions 
fail  for  thin  metal  films  on 
compound  semiconductors  ? 


N  0  ! 
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CONCLUSIONS 


1)  Bulk  phase  diagrams  are  guides  to  the 
understanding  of  interfacial  chemistry. 

2)  Thermochemistry  can  be  used  to  predict 
the  end  products  of  a  chemical  reaction. 

and  provide  information  on  the  intermediates. 

3)  Entropy  must  be  considered  explicitly  in 
reactions  that  can  produce  volatile  group  V 
products. 

4)  Thermodynamics  cannot  be  used  to  predict 
hom  fast  a  reaction  mill  proceed. 

5)  Chemically  stable  interfaces  are  also 
electrically  stable. 

6)  Phase  diagrams  should  be  consulted  before 

a  metal/compound-semiconductor  is  designed. 

7)  The  current  thermochemical  data  base  is 
inadequate  for  a  broad  understanding  of 
metal/compound-semiconductor  systems. 
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•Present  address:  IBM  Almaden  Research  Center,  650  Harry  Road,  San  Jose,  CA  95120-6099 


Abstract 

We  propose  a  classification  scheme  for  phase  equilibria  in  elemental  metal-gallium-arsenic 
systems.  Using  available  we  assign  as  many  metals  as  possible  to  seven  generic  types  of 
ternary  phase  diagrams.  We  describe  how  the  phase  diagrams  can  provide  a  framework  for 
jptyrpncfing  previous  studies  of  metal  reactions  with  GaAs  substrates  and  for  identifying  stable 
materials  for  GaAs  metallizations. 


I.  Introduction 


One  of  the  most  challenging  problems  in  GaAs  integrated  circuit  fabrication  is  the  formation 
of  reliable  metal  contacts.  This  problem  has  resulted  in  numerous  studies  of  metal  reactions  with 
GaAs  substrates,  which  typically  attempt  to  relate  changes  in  the  electrical  properties  of  the  contact 
to  interdiffusion  and  reaction  at  the  metal-semiconductor  interface.  Clearly,  as  device  dimensions 
decrease  in  GaAs  integrated  circuits,  it  will  become  increasingly  important  to  form  uniform  contact 
layers  to  GaAs  with  minimal  substrate  interaction.  *  *3 

While  there  have  been  many  investigations  of  metal-GaAs  chemistry,  the  results  of  these 
studies  have  been  explained  largely  with  empirical  correlations,  such  as  comparing  the 
electronegativities  of  the  elements  involved1*  or  the  heats  of  formation  of  the  compounds 
involved.^'  ®  Unfortunately,  these  correlations  provide  little  or  no  framework  for  understanding 
actual  processing  problems  or  for  choosing  stable  metallization  materials  because  they  disregard 
classical  thermodynamic  considerations,  most  notably  the  implications  of  the  Gibbs  phase  rule.  In 
contrast,  metal-gallium-arsenic  (M-Ga-As)  ternary  phase  diagrams  should  provide  just  such  a 
framework.7 

Indeed,  ternary  diagrams  have  already  been  used  to  understand  other  aspects  of  GaAs 
processing.  For  instance,  to  assist  in  studies  of  dopant  diffusion  in  GaAs  and  solution  growth  of 
doped  GaAs  crystals,  Panish®'1^  determined  the  liquidus  and  solidus  data  for  numerous 
dopant-Ga-As  diagrams.  Similarly,  Deal  l7,  ^  recently  determined  the  Cr-Ga-As  diagram  and 
resolved  many  ambiguities  in  previous  studies  of  chromium  solubility  and  diffusivity  in  GaAs. 
Moreover,  Thurmond  et  used  the  Ga-As-0  diagram  to  explain  the  phases  formed  during 
GaAs  oxidation.  However,  the  use  of  ternary  phase  equilibria  to  explain  metallization  processing 
problems  in  GaAs  has  only  just  begun,  with  the  recent  work  by  Williams  et  20,21  being  the 
most  notable  example. 

The  purpose  of  the  present  article,  then,  is  to  describe  how  M-Ga-As  phase  diagrams  can 
provide  a  framework  for  interpreting  previous  results  and  for  identifying  suitable  materials  for 
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stable  contacts.  We  begin  by  outlining  the  seven  generic  M-Ga-As  diagrams  that  are  possible.  For 
the  four  simplest  types,  we  show  how  they  can  be  identified  in  principle  by  a  single  experiment, 
and  we  point  out  which  metal-containing  phases  will  be  stable  contacts.  Next,  based  on  previously 
published  studies,  we  identify  metals  that  belong  to  each  type.  Finally,  we  describe  how  the  phase 
diagrams  can  be  used  to  search  systematically  for  stable  metallisation  materials. 

IT.  CLASSIFICATION  SCHEME 

Because  the  thin-film  reactions  to  be  discussed  involve  three  elements  distributed  in  various 
phases,  they  should  be  described  using  ternary  phase  diagrams.  At  fixed  temperature  and  pressure, 
the  Gibbs  phase  rule  predicts  a  maximum  of  three  phases  in  equilibrium  in  any  portion  of  the  phase 
diagram.  Regions  of  three-phase  equilibrium  form  triangles  in  isothermal  sections  of  the  ternary 
phase  diagram.  The  phases  at  the  comers  of  a  given  triangle  are  thermodynamically  stable  in 
contact  with  each  other.  For  metal-gallium-arsenic  systems,  this  means  that  the  chemical  potential 
of  the  metal  is  the  same  in  all  three  phases,  and  similarly  for  the  gallium  and  the  arsenic.  If  free 
energy  data  are  available  for  all  the  phases,  then  the  regions  of  three-phase  equilibrium  can  be 
found  by  determining  the  stable  two-phase  tie-lines,  which  in  turn  are  established  by 
straightforward  free  energy  calculations.^  Alternatively,  the  stable  tie-lines  and  three-phase 
regions  can  be  found  experimentally  by  reacting  various  M-Ga-As  compositions  in  closed,  inert 
containers  and  identifying  the  phases  formed.  Through  judicious  use  of  the  phase  rule,  the  number 
of  compositions  that  must  be  evaluated  to  determine  the  stable  tie-lines  and  three-phase  regions  can 
be  quite  small  In  particular,  for  some  simple  cases,  the  metal-containing  phases  with  stable 
tie-tines  to  GaAs  can  be  determined  by  a  single  experiment. 

For  understanding  M-Ga-As  chemistry,  it  is  useful  to  classify  the  diagrams  according  to  their 
key  features,  i.e.,  the  disposition  of  their  stable  tie-lines.  In  practice,  other  aspects  of  the  diagrams 
(solubility  ranges,  solidus  and  liquidus  data)  will  be  important  for  interpreting  particular  problems. 
Thus,  we  begin  by  classifying  the  diagrams  according  to  their  general  features  and  then  consider  in 
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turn  subtler  factors  that  may  be  important  for  interpreting  M-Ga-As  thin-film  reactions. 

Ai.5impl«t  aaa 

For  the  moment,  let  us  make  the  following  assumptions  and  simplifications: 

(1)  Assume  just  one  MGax  and  cme  MASy  binary  compound  exist 

(2)  Assume  no  MGaxAsy  ternary  phases  exist 

(3)  Neglect  the  homogeneity  range  of  each  phase. 

(4)  Neglect  the  formation  of  liquid  phases. 

(5)  Neglect  arsenic  sublimation. 

(6)  Assume  equilibrium  between  the  solid  phases  is  reached  during  processing. 

(The  converse  of  each  of  these  simplifications  will  be  considered  in  the  next  section.) 

Given  these  simplifications,  there  are  four  possible  types  of  M-Ga-As  diagrams  (Fig.  la-d): 

Type  I:  GaAs  dominant  The  most  important  feature  of  this  diagram  is  the  GaAs-M  de-line 
(Fig.  la),  which  indicates  that  GaAs  is  stable  in  contact  with  the  elemental  metal  This  is  the  only 
type  of  diagram  in  which  the  elemental  metal  can  be  in  thermodynamic  equilibrium  with  the 
semiconductor.  In  all  other  cases,  heating  the  M-GaAs  couple  will  result  in  a  chemical  reaction  and 
the  production  of  new  phases.  The  simplest  way  to  verify  such  a  diagram  is  to  heat  a  mixture  of 
the  elemental  metal  and  GaAs  in  a  closed,  inert  container.  While  some  interdiffusion  between  the 
two  phases  will  take  place,  no  new  phases  will  form.  To  further  check  this  result,  a  y:x  mixture  of 
MGax-MASy  can  be  heated  in  a  closed,  inert  container.  A  solid-state  reaction  will  occur,  producing 
a  mixture  of  the  elemental  metal  and  GaAs.  For  this  type  of  diagram,  MGax,  MASy,  and  M  are  all 
stable  with  respect  to  new  compound  formation  when  in  contact  with  GaAs. 

Type  II:  MGax  dominant  The  key  feature  of  this  diagram'  is  the  MGax-As  tie-line 
(Fig.  lb).  From  the  Gibbs  phase  rule,  the  presence  of  the  MGax-As  tie-line  precludes  the  existence 
of  a  GaAs-M  tie-line.  The  elemental  metal,  therefore,  cannot  be  stable  in  contact  with  GaAs.  The 
simplest  way  to  verify  such  a  diagram  is  to  heat  a  mixture  of  the  elemental  metal  and  a  large  excess 
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of  GaAs  in  a  closed,  inert  container.  Atequilibrium,  the  container  will  hold  a  mixture  of  MGax, 
elemental  arsenic,  and  the  excess  GaAs.  These  phases  can  normally  be  identified  by  X-ray  or 
electron  diffraction  techniques.  For  this  type  of  diagram,  MGax  is  the  only  metal-containing  phase 
that  is  stable  in  contact  with  GaAs. 

Type  lit  MASy  dominant  This  diagram  is  the  complement  of  the  Type  II  diagram.  Its  key 
feature  is  the  MASy-Ga  de-line  (Fig.  lc).  As  before,  the  simplest  way  to  verify  such  a  diagram  is 
to  heat  a  mixture  of  the  elemental  metal  and  a  large  excess  of  GaAs  in  a  closed,  inert  container.  At 
equilibrium,  the  container  will  hold  a  mixture  of  MASy,  elemental  gallium,  and  the  excess  GaAs. 
For  this  type  of  diagram,  MASy  is  the  only  metal-containing  phase  that  is  stable  in  contact  with 
GaAs. 

Type  IV:  No  phase  dominant  The  most  important  feature  of  this  diagram  is  the  lack  of  any 
de-lines  between  a  binary  compound  and  the  remaining  third  element  (Fig.  Id).  Once  again,  the 
simplest  way  to  verify  such  a  diagram  is  to  heat  a  mixture  of  the  elemental  metal  and  a  large  excess 
of  GaAs  in  a  closed,  inert  container.  At  equilibrium,  the  container  will  hold  a  mixture  of  MGax, 
MASy,  and  the  excess  GaAs.  For  this  type  of  diagram,  both  MGax  and  MASy  are  stable  in  contact 
with  GaAs,  but  die  elemental  metal  is  not 

B.  Complicating  factoa 

In  this  section,  we  consider  in  turn  the  converse  of  each  of  the  aforementioned 
simplifications. 

(1)  More  than  one  MGax  or  MASy  binary  compound  exists.  Many  metals  have  more  than 
one  MGa,  or  MASy  binary  compound.  This  complication,  however,  does  not  change  the  two  key 
ideas  presented  in  the  previous  section.  First  the  reaction  of  the  elemental  metal  with  excess  GaAs 
in  a  closed,  inert  container  can  still  be  used  to  determine  to  which  type  of  diagram  the  metal 
belongs.  Additional  binary  compounds  may  result  in  more  intermediate  phases  forming  in  a 
M-GaAs  ternary  diffusion  couple,  but  the  end  phases  will  remain  the  same  (See  Fig.  2.).  Second, 
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for  the  purpose  of  materials  selection,  only  the  phases  with  tie-lines  to  GaAs  warrant  further  study 
because  only  these  phases  can  form  thermodynamically  stable  contacts  to  GaAs  (We  are  not 
considering  materials  stable  by  virtue  of  kinetic  barriers  in  this  analysis,  even  though  they  may  be 
useful  in  practice.).  Note  that  some  metals  do  not  form  stable  MOax  or  MASy  binary  compounds, 
thereby  simplifying  the  phase  diagram  determination  for  these  metals.  Because  our  classification 
scheme  is  based  on  the  presence  of  certain  key  tie-lines,  no  new  categories  are  introduced  by  the 
existence  of  more  dun  one  MGtg  or  MASy  binary  compound. 

(2)  MGagASy  ternary  phases  exist  If  ternary  phases  exist  then  additional  experiments  will 
be  required  to  determine  the  stable  tie-lines  in  the  diagram.  The  basic  approach,  however,  remains 
the  same:  through  judicious  use  of  the  phase  rule,  a  small  number  of  experiments  can  be  performed 
to  determine  the  stable  tie-lines  in  the  M-Ga-As  diagram,  and  only  those  ternary  phases  with  stable 
tic-lines  to  GaAs  deserve  further  study  as  potential  metallization  materials.  Fortunately,  there 
appear  to  be  fewMGaxAty  ternary  phases. 

The  presence  of  a  ternary  phase  creates  another  category,  which  we  have  designated  Type  V. 
Although  many  new  tie-line  configurations  become  possible  if  ternary  phases  are  present,  further 
subclassification  of  these  configurations  is  unwarranted  for  our  purposes.  In  Fig.  le,  we  have 
drawn  the  Type  V  diagram  with  a  MzGaAs  ternary  phase,  since  this  is  the  most  common  type  of 
ternary  phase  observed  in  M-GaAs  reactions.  The  existence  of  a  MjGaAs  phase  implies  that  the 
elemental  metal  cannot  be  stable  in  contact  with  GaAs,  i.e.,  there  is  no  direct  GaAs-M  tie-line. 
Moreover,  the  MzGaAs  phase  itself  will  be  stable  in  contact  with  GaAs  only  if  no  MGax-MASy 
tie-line  intervenes  (Type  IV). 

(3)  Each  phase  has  a  homogeneity  range.  Most  M(Ga)  sol;d  solutions  and  some  MGa*  and 
MASy  phases  have  substantial  homogeneity  ranges.  Thus,  a  pure,  stoichiometric  metal-containing 
phase  cannot  be  at  complete  equilibrium  with  the  GaAs  substrate,  even  if  there  is  a  stable  tie-line 
between  die  metal-containing  phase  and  the  GaAs.  Metal  atoms  will  diffuse  from  the  pure  phase 
into  the  GaAs  until  the  solubility  limit  is  reached,  and  similarly  gallium  and  arsenic  will  diffuse  into 
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ths  pure  phase.  Moreover,  differences  in  the  gallium  sad  manic  schMihi « the  metal-containing 
phase  cm  causa  a  third  phase  to  form.  If  arsenic  is  less  soluble  than  gallium  in  the  metal-containing 
phase,  then  the  excess  arsenic  will  react  to  fora  the  arsenic-rich  phase  adjacent  in  the  M-Ga-As 
diagram  so  the  metal-containing  phase  (See  Fig.  3.).  Conversely,  if  gallium  is  less  soluble,  then 
the  gallium-rich  phase  adjacent  so  the  metal-containing  phase  will  fora. 

To  the  net  exchange  of  material  between  the  metal-containing  phase  and  the  GaAs 

substrate,  the  metal-containhig  phase  be  deposited  with  the  maximum  solubility  of  gallium 
and  arsenic  already  incorporated  in  it,  if  this  it  feasible.  Indeed,  several  researchers  have  found 
that  codepositing  (M  +  Ga)  improved  the  contact  stability  of  GaAs  metallizations  during  subsequent 
high-temperature  processing.^  ^  Such  a  saturated  film  should  also  be  a  stable,  more 
reproducible  metal  diffusion  source  for  the  GaAs  substrate. 

Lastly,  note  that  some  Group  m-As  and  Ga-GioupV  compounds  form  a  complete  series  of 
solid  sftiutipwf  with  GaAs,  thereby  producing  the  final  two  categories  of  M-Ga-As  phase  diagrams, 

Types  VI  and  VD  (Figs.  If,  g). 

(4)  Liquid  phase  formation  cannot  be  neglected.  "Alloying"  is  commonly  used  to  make 
ohmic  contacts  to  GaAs.  I’  ^  The  alloying  process  involves  melting  and  resolidifying  the 
metallization  layer.  While  this  process  has  been  used  successfully  in  low-density  circuits,  the 
morphological  changes  brought  on  by  melting  and  resolidificatioo  will  become  unacceptable  as 
device  dimensions  continue  to  shrink.  Because  liquid  phase  formation  needs  to  be  avoided,  solidus 
d#ts  for  the  phases  with  stable  tie-lines  to  GaAs  need  to  be  determined.  This  information  can  be 
readily  obtained  from  differential  thermal  analysis  experiments.  Furthermore,  since  gallium  melts 
at  low  temperatures,  the  composition  of  the  thin  film-substrate  system  must  remain  outside  the 
three-phase  region  containing  elemental  gallium  during  processing.  If  liquid  phase  formation 
cannot  be  avoided,  then  both  solidus  and  liquidus  data  will  be  required  to  explain  the  liquid  and 
solid  compositions  and  the  resolidification  path. 
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(5)  Arsenic  sublimation  cannot  be  neglected.  Because  processing  is  typically  done  in  tn 
open  system,  them  may  be  substantial  arsenic  loss  to  the  gas  phase  as  the  M-Oa-As  system 
continually  tries  to  establish  the  equilibrium  arsenic  pressure.2** 29  This  arsenic  loss  win  result  in 
varying  proportions  of  the  condensed  phases  in  mutual  equilibrium  (if  the  overall  composition 
remains  in  one  three-phase  region  of  the  diagram)  or  a  sequence  of  increasingly  gallium-rich  phases 
(if  de-lines  are  crossed).  In  this  instance,  the  heat-treatment  time  and  temperature  are  dearly  critical 
to  the  observed  products.  Several  methods  are  commonly  used  to  minimize  or  eliminate  arsenic 
lore  to  the  vapor  an  arsenic  overpressure  can  be  maintained  in  the  annealing  furnace,2®  an  inert 
capping  layer  can  be  deposited  over  the  wafer,2 1  or  rapid  thermal  annealing  can  replace 
conventional  furnace  annealing.22* 22 

In  addition,  since  arsenic  must  diffuse  through  the  metallization  layer  prior  to  sublimation 
and  since  equilibrium  between  the  metallization  layer  and  the  GaAs  substrate  fixes  the  equilibrium 
arsenic  vapor  pressure,  the  metallization  material  chosen  will  also  affect  the  rate  of  arsenic  loss. 
From  the  Gibbs  phase  rule,  the  equilibrium  arsenic  pressure  is  fixed  in  each  three-phase  region  of 
the  ternary  diagram,  being  largest  in  the  three-phase  region  containing  elemental  arsenic.  If  the  free 
energy  data  are  available,  then  the  equilibrium  arsenic  pressure  can  be  calculated.  The  partial 
pressure  of  each  arsenic  gas  specie  (As,  A^.  and  AS4)  in  a  particular  three-phase  region  is 
determined  by  writing  an  equilibrium  reaction  between  the  arsenic  gas  specie  and  the  condensed 
phases  comprising  the  three-phase  region.24  For  example,  for  the  MGa^MASy-GaAs  three-phase 
region  in  Fig.  Id,  the  reaction  is 

x  GaAs  +  MASy  »  MGax  +  (x+y)/n  A(3*rxn 

the  ASq  partial  pressure  is  given  by 

pAsn  -  expt-AG’nm  n/(x+y)RT] 
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and  the  total  amnic  pressure  is  the  sum  of  the  partial  pressures.  A  similar  analysis  applies  to  the 
equilibrium  vapor  pressures  of  both  fallium  and  the  metal,  but  these  pressures  ere  typically  much 
leas  than  tbe  arsenic  pressure  and  will  not  be  considered  here. 

If  the  most  fsllium-rich  MGa,  phase  having  a  stable  tie-line  to  GaAs  is  chosen  as  the 
metaOizBtian  material,  then  it  will  also  have  the  lowest  equilibrium  arsenic  vapor  pressure  and 
potentially  lower  arsenic  losers  20  Note,  however,  that  arsenic  sublimation  from  die  GaAs 
yntm—f  through  this  phase  would  result  in  the  undesirable  formation  of  liquid  gallium. 

(6)  Equilibrium  between  the  solid  phases  is  not  reached  during  processing.  The 
time-temperature  combinations  used  in  processing  may  not  be  sufficient  to  reach  equilibrium.  In 
particular,  metastabk  intermediates  in  M-GaAs  ternary  diffusion  couples  may  form.  This 
possibility  can  be  checked  by  determining  whether  the  same  phases  in  a  possible  three-phase  region 
are  produced  by  different  combinations  of  starting  materials. 

Thus,  while  many  complicating  factors  can  and  do  arise,  the  use  of  ternary  diagrams  to 
explain  M-Ga-As  thin-film  reactions  need  not  be  abandoned.  Quite  the  contrary,  die  ternary 
diagrams  provide  the  simplest,  most  logical  framework  in  which  to  explain  the  complications. 

m.  Sniffle  systems 

In  this  section,  we  attempt  to  assign  as  many  metals  as  possible  to  the  seven  categories 
described  in  the  preceding  section.  If  a  M-Ga-As  diagram  has  been  previously  determined 
experimentally,  then  malting  this  assignment  is  a  simple  matter.  Similarly,  if  free  energy  data  are 
available  for  all  the  phases  in  a  particular  M-Ga-As  system,  then  the  diagram  can  be  easily 
calculated^  and  classified.  Unfortunately,  for  many  metals,  neither  of  these  situations  exist 
Instead,  the  only  information  available  for  many  metals  are  published  studies  of  metal  thin-film 
reactions  with  GaAs  substrates.  Far  these  metals,  we  try  to  infer  the  stable  tie-lines  (and  thus 
classify  the  diagram)  from  the  reported  reaction  products.  This  method  has  been  quite  useful  in 
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explaining  ternary  reactions  involving  silicon  metallizations.33*36  For  GaAs  metallizations, 
however,  arsenic  volatilization  can  lead  to  incorrect  conclusions  using  this  method.  Moreover,  for 
many  metal-OaAs  thia-film  reactions,  the  product  phases  have  not  been  identified  unambiguously 
using  diffraction  methods.  For  both  of  these  reasons,  the  diagrams  for  such  metals  must  be 
considered  only  tentative.  If  anything,  this  section  points  out  the  need  to  complement  thin-film 
investigations  of  metal-GsAs  reactions  with  bulk  studies  in  closed  systems. 

The  simplified  diagrams  in  Figs.  4-9  show  the  equilibria  between  solid  phases  at  typical 
processing  temperatures.  The  diagrams  are  "pseudoisothermal"  sections,  meaning  that  changes  in 
the  tie-line  configurations  due  to  solid-state  transformations  (eutectoids,  peri  tec  to  ids,  melting,  etc.) 
with  changing  temperature  are  not  explicitly  shown. 

A..Trac  I 

Metals  such  as  gold,  silver,  and  tungsten  have  a  Type  I  diagram. 

Tsai  and  Williams21  recently  determined  the  Au-Ga-As  diagram.  The  fact  that  gold  has  long 
been  employed  in  GaAs  metallizations  is  consistent  with  its  simplified  diagram  (Fig.  4a).  The 
many  technological  problems  associated  with  the  use  of  gold,  however,  can  be  appreciated 
immediately  from  the  exact  Au-Ga-As  diagram.  Gold  dissolves  a  substantial  amount  of  gallium 
(-10%)  and  some  arsenic  (<1%)  at  a  processing  temperature  of  300' G 37  The  metal  composition 
in  equilibrium  with  fiaAa  is  a  saturated  ternary  solid  solution,  whose  composition  changes  with 
annealing  temperature.  Thus,  when  pure  gold  is  annealed  on  GaAs,  the  substrate  locally 
disintegrates,  a  ternary  solid  solution  forms,  and  the  excess  arsenic  crystallizes  or  sublimes. 
Several  researchers  have  shown  that  this  interdiffusion  dramatically  alters  die  micros  true  ture  and 
resulting  electrical  properties  of  die  metal-semiconductor  interface.26'38'40  From  a 
thermodynamic  perspective,  the  problem  can  be  minimi  zed  either  by  depositing  an  alloy  of  suitable 
composition  (or  even  one  supersaturated  with  gallium  and  arsenic)  or  by  substituting  a  Au-Ga 
compound  for  pure  gold,  u  demonstrated  by  Guha  era/.26  and  Williams  et  a/.20  respectively. 
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The  amplified  Ag-Gn-As  diagram  shown  in  Fig.  4b  cm  to  derived  from  Parish's  wort  ^ 

The  e  phi—  is  itaMs  only  in  the  temperature  range  446-5S2*C.41 

Tungsten  forms  two  a»pnm»«h  with  arsenic^  —  WjAsj  and  WAsj  —  but  none  with 
gallium  Prom  available  thannocheaucai  deia,4^  it  can  be  shown  that  the  W-CkAs  tie-line  is 
favored  over  tbe  Ga-W2As3  de-line  and  that  therefore  the  former  exists.  Thus,  we  believe  the 
W-Ga-As  diagram  is  as  shown  in  Fig.  4c.  At  first  glance,  a  recent  study44  of  SiC^-cncapsulated 
W-OaAs  diffusion  couples  would  appear  to  contradict  the  existence  of  the  W-GaAs  de-line.  This 
study  found  that  no  new  phases  formed  after  annealing  at  730*C,  but  a  reaction  producing  W2A»3 
occurred  at  900*G  However,  greater  gallium  solubility  in  tungsten  at  higher  temperatures  and 
selective  gallium  loss  through  the  S1O2  encapsulant  can  explain  this  high- temperature  instability. 

Thus,  during  high-temperature  annealing,  the  composition  of  the  system  moved  from  the  W-GaAs 
two-phase  region  to  the  W-W2As3*GaAs  three-phase  region. 

For  completeness,  we  note  that  the  semiconductors  silicon,  germanium,  and  tin  also  have 
Type  I  diagrams,  as  determined  by  Psnish.  1  Simplified  diagrams  for  silicon  and  germanium 
are  shown  in  Kgs.  4d  and4e.  Like  tungsten,  silicon  and  germanium  have  two  arsenides,  but  no 
piiiumJitorf  ph— «>■  The  mutual  equilibrium  of  silicoo  and  germanium  with  GaAs  is  expected 
from  chemical  considerations  and  is  quite  important  technologically  for  heteroepitaxial  growth  of 
GaAs  films  on  silicon  substrates,  and  vice  versa.  Moreover,  Kavai>*ugh  tt  al 4^  have  recently 
investigated  tbe  formation  of  thermally  stable,  degenerately  doped  polycrystalline  silicon  contacts  to 
GaAs. 

B..Trntt  fluid  HI. 

Few  metals  have  these  types  of  diagrams  since  it  is  unusual  for  either  elemental  arsenic 
(Type  Q)  or  elemental  gallium  (Type  HI)  to  be  in  equilibrium  with  a  complementary  binary 
compound.  Lahav  and  Eizenberg  ^  reported  that  a  thin  film  of  tantalum  reacts  with  GaAs  at  650’C 
and  produces  TaAs  and  liquid  gallium.  Tantalum  thus  appears  to  have  a  Type  IQ  diagram.  In 
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addition,  x-ray  phosoamissioa  spectroscopy  has  identified  metal  arsenides  and  "metallic"  gallium  as 
products  of  GaAs  reactions  with  Re,  Ir,  Tb,  Dy,  and  Er  monolayers.*7,  **  If  "metallic"  gallium 
corresponds  to  elemental  gallium,  then  these  metals  also  have  MASy  dominant  Type  in  diagram* 
On  the  other  hand,  if  "  metallic"  gallium  corresponds  to  MGsg  compounds,  then  these  metals 
belong  to  the  no  phase  dominant  Type  IV  category.  Note  that  diffraction  studies  of  thicker  films 
would  be  «i«wp»*r  to  perform,  easier  to  interpret,  and  more  representative  of  thin-film  behavior  in 
actual  metallixatioiis  than  spectroscopic  studies  of  monolayer  films.  Based  on  published  results  of 
numerous  M-GaAs  thin-film  reactions,  there  do  not  appear  to  be  any  metals  which  have  Type  II 
diagrams.  However,  of  GaAs  oxidation  by  Thurmond  er  al.  ^  have  shown  that  the 
Ga-Aa-O  diagram  is  basically  of  this  type  (Fig.  5). 

C.  Twn  IV  and  V. 

The  most  commonly  found  M-Ga-As  diagram  is  Type  IV,  no  phase  dominant  Copper, 
chromium,  and  platinum  can  definitely  be  assigned  to  this  category,  as  can  palladium,  nickel,  and 
cobalt  at  high  temperatures.  In  Fig.  6,  the  copper  diagram  is  established  by  Panish's  work, '  3  the 
chromium  diagram  from  ah  X-ray  analysis  by  Deal,*7  and  the  platinum  diagram  from  thin  film 
studies.*^7 

The  Fd-Ga-As  diagram  determined  by  El-Boragy  and  Schubert^  (Fig,  7)  can  be  used  to 
explain  several  recent  studies  of  Pd-GaAs  thin-film  diffusion  couples.^**5*  Their  diagram  predicts 
that  the  final  products  of  a  reaction  between  a  thin  film  of  palladium  and  a  GaAs  substrate  should  be 
a  mixture  of  PdGa,  PdA$2,  and  excess  GaAs.  Moreover,  their  diagram  predicts  that  several 
palladium-rich  phases,  including  two  ternary  phases,  may  precede  the  formation  of  the  final 
equilibrium  products.  In  the  thin-film  studies,  a  ternary  phase,  designated  "Phase  I"  by 
Sands  etal.r^  formed  in  the  temperature  range  25-250'C;  Phase  I  was  followed  by  a  second 
ternary  phase,  designated  "Phase  0",  between  250-500’C;  and  finally,  a  mixture  of  PdGa  and 
PdA*2  formed  at  600’C.^  The  crystal  structure,  lattice  parameters,  and  stoichiometry  of  Phase  I 
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—  hexagonal,  a0-  0.67  nm  and  co~0.37  nm.  *Pd2^GaAa  —  match  those  of  the  ternary  phase 
designated  by  Hl-Boragy  and  Schubert Similarly,  Phase  II  —  hexagonal, 

Iq-  0.9  tun  and  co~0.34  nm,  -Pdj  jGai^AsQ  g  — matches  the  phase  designated  Pdj2Ga5As2  by 
El-Boragy  and  Schubert^ 

Type  V  diagrams  that  have  a  ternary  phase  with  the  stoichiometry  MzGaAs  might  be 
regarded  as  a  subset  of  Type  IV  since  the  ternary  phase  usually  transforms  to  a  mixture  of  MGax 
and  MASy  after  high-temperature  annealing.  Whether  these  ternary  phases  are  metastable 
intermediates  in  M-GaAs  diffusion  couples  or  are  stable,  low-temperature  phases  with  tie-lines  to 
GaAs  remains  to  be  determined.  Metals  in  this  category  include  nickel  ^  and  perhaps 
cobalt^.  The  diagrams  for  these  metals  are  drawn  with  dashed  de-lines  to  the  ternary  phase 
because  of  the  present  uncertainty  about  the  stability  of  the  ternary  phase  (Fig.  8). 

D.  TYPta.YIand.VIL 

These  diagrams  exist  for  elements  that  can  readily  substitute  for  gallium  or  arsenic  in  the 
GaAs  crystal  structure,  thereby  forming  ternary  semiconductor  compounds.  Thus,  aluminum  and 
indium  belong  to  Type  VI,  and  phosphorus  belongs  to  Type  VTL  While  technological  interest 
centers  on  their  optical  properties,  one  of  the  ternary  semiconductors  —  InxGai_xAs  —  has  also 
been  suggested  for  use  in  graded  heterojunction  ohmic  contacts.^-  & 

Photoemission  studies  of  aluminum  monolayer  reactions  with  GaAs  substrates  are  consistent 
with  aluminum  having  a  Type  VI  diagram.  These  studies^'^  have  found  that  aluminum  replaces 
gallium  in  the  top  layers  of  the  GaAs  substrate  and  that  free  gallium  forms  on  the  surface.  For 
thicker  aluminum  films,  the  observed  extent  of  reaction  depends  on  the  time-temperature 
combinations  used  and  the  amount  of  oxygen  contamination  present.  ^9-72 
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IV.  APPLICATIONS 

The  ideal  metallization  is  a  material  that  does  almost  nothing.  It  does  not  react  with  the 
substrate.  It  does  not  interdiffuse  with  the  substrate.  It  does  not  react  with  other  solids  and  gases 
with  which  it  comes  in  contact  It  does  not  melt  during  processing.  Essentially  all  it  does  is 
conduct  electricity  welL  Of  course,  actual  metallization  materials  cannot  satisfy  all  of  these  criteria, 
and  compromises  have  to  be  made.  Note,  however,  that  ternary  diagrams  provide  the  basis  for 
evaluating  many  of  these  criteria.  The  tie-lines  in  a  ternary  diagram  indicate  which  phases  will  be 
stable  in  contact  with  GaAs.  The  solubility  data  show  the  maximum  extent  of  interdiffusion  as  a 
function  of  temperature.  The  solidus  data  reveal  the  temperature  at  which  melting  begins  for 
particular  solid  compositions. 

Most  materials  comprising  an  integrated  circuit  are  inherently  in  a  metastable  state. 
Short-time,  low-temperature  processing  is  used  to  prevent  the  materials  from  reaching  a  complete 
equilibrium  state  (and  the  undesirable  properties  associated  with  that  state).  For  metallization 
materials,  however,  we  suggest  that  a  complementary  approach  may  be  useful:  if  the  metallization 
is  deposited  with  a  composition  that  is  already  near  equilibrium  with  the  GaAs  substrate,  then 
minimal  interaction  between  the  metallization  and  the  substrate  will  occur  during  subsequent 
processing.  Thus,  besides  rapid  thermal  annealing,  the  composition  of  the  as-deposited 
metallization  layer  can  also  be  used  to  prevent  solid-state  reactions,  to  minimize  interdiffusion,  and 
to  reduce  arsenic  sublimation. 

If  such  an  approach  is  adopted,  then  the  following  steps  should  be  taken  to  identify  optimal 
metallization  materials.  First,  for  a  particular  metal,  the  metal-containing  phases  with  stable 
tie-lines  to  GaAs  need  to  be  determined.  As  shown  in  Section  HA,  most  of  these  phases  can  be 
deduced  from  the  results  of  reacting  the  metal  with  excess  GaAs  in  a  closed,  inert  container. 
Second,  the  electrical  properties  of  the  stable  phases  have  to  be  evaluated.  Stable  phases  with  high 
resistivities  need  not  be  examined  further  for  use  as  metallizations.  Third,  for  those  stable  phases 
with  suitable  electrical  properties,  the  solubility  and  solidus  data  need  to  be  measured  to  ascertain 
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the  optimum  as-deposited  composition  and  die  maximum  allowable  processing  temperature.  In 
addition  to  the  thermodynamic  and  electrical  data,  kinetic  and  micros  tructural  data  also  must  be 
determined.  The  time- temperature  combinations  required  to  crystallize  the  as-deposited  film,  the 
crystallization  path  (tie.,  the  intermediate  phases  formed  from  the  as-deposited  film),  and  the 
resulting  film  morphology  all  must  be  established.  Moreover,  the  diffusion  of  the  metal  into  the 
substrate  has  to  be  quantified,  as  this  diffusion  will  alter  the  electrical  properties  of  the  contact 
Note  also  that  the  amount  of  metal  diffusion  will  depend  on  which  phase  is  used  as  the  metal 
source. 

The  search  for  stable,  low-resistivity  GaAs  metallizations  need  not  be  limited  to  M,  MGax, 
and  MASy  phases:  other  phases  can  also  be  considered.  Indeed,  based  on  their  low  resistivity  and 
high  thermal  stability  cm  silicon,  metal  silicides  are  already  being  considered.?^*??  It  has  been 
found  that  the  silicide  used  on  GaAs  need  not  be  the  most  silicon-rich  silicide.?^  This  result  should 
not  be  considered  surprising.  While  only  the  most  silicon-rich  silicide  has  a  stable  tie-line  to 
silicon,  several  silicides  can  have  stable  tie-tines  to  GaAs.  A  partial  thermodynamic  analysis  of  the 
stability  of  silicides  on  GaAs  has  appeared  recently.?**  However,  a  complete  analysis  requires 
determination  of  the  stable  tie-lines  in  the  M-Si-Ga-  As  quaternary  diagram.  For  example,  using  the 
Gibbs  phase  rule,  it  is  straightforward  to  show  that  both  WSi2  and  WgSij  have  stable  tie-lines  to 
GaAs  in  the  W-Si-Ga-As  diagram.  Because  tungsten  and  silicon  also  have  stable  tie-lines  to  GaAs, 
the  relevant  phase  equilibria  can  be  represented  by  a  pseudo  ternary  section  of  the  isothermal 
quaternary  diagram  (See  Frg.9.). 

Finally,  we  note  that  the  analysis  outlined  here  can  be  applied  to  metallizations  for  any 
compound  semiconductor.  Our  choice  of  a  particular  compound  semiconductor,  GaAs,  was  for 
illustrative  purposes  only. 
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V.  CONCLUSIONS 

We  have  proposed  a  classification  scheme  for  phase  equilibria  in  M-Ga-As  systems. 

Through  judicious  use  of  the  phase  rule,  a  small  number  of  experiments  can  be  used  to  determine  to 
which  type  of  diagram  a  particular  metal  belongs.  Moreover,  phases  that  are  stable  in  contact  with 
GaAs  can  be  rapidly  identified.  This  approach  may  enable  a  more  systematic  search  for  stable 
metallizations.  Using  previously  published  phase  diagrams,  available  free  energy  data,  and 
reported  products  of  metal  thin  film  reactions  with  GaAs  substrates,  we  have  assigned  as  many 
elements  as  possible  to  the  seven  generic  types.  Many  M-Ga-As  diagrams,  however,  remain 
unknown,  and  some  of  the  present  ones  cannot  be  regarded  as  definitive.  Further  studies  in  this 
area  will  aid  in  the  production  of  reproducible  and  reliable  GaAs  metallizations. 
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Figure  Captions 


1.  The  seven  basic  types  ofM-Ga-As  phase  diagrams.  Key  tie-lines  in  the  diagrams 
are  emboldened  In  (f)  and  (g),  the  one-phase  and  two-phase  regions  have  been 
expanded  for  clarity. 

2.  Interpretation  of  the  M-excess  GaAs  reaction  when  more  titan  one  MGa*  and/or 
MASy  compound  exists.  "X"  marks  the  three-phase  region  the  system  will  be  in 
when  equilibrium  is  reached  "®"  denotes  the  phases  that  will  be  stable  with 
respect  to  new  compound  formation  when  in  contact  with  GaAs. 

3.  Interpretation  of  the  Type  I  M-GaAs  diffusion  couple  when  the  metal  has  a  large 
gallium  solubility,  but  little  arsenic  solubility.  The  arsenic-rich  phase  (elemental 
arsenic  in  this  example)  adjacent  to  the  metal-containing  phase  (elemental  metal  in 
this  example)  forms,  and  die  system  composition  lies  in  the  M(Ga)-As-GaAs 
three-phase  region  at  equilibrium. 

4.  Pseudoisothermal  sections  of  elements  with  Type  I  diagrams:  (a)  gold  (b)  silver, 
(c)  tungsten,  (d)  silicon,  and  (e)  germanium. 

3.  A  schematic  of  the  Ga-As-O  diagram  of  Thurmond  et  ai. 19 


SI 

22 


6.  Pseudoisothermal  sections  of  metals  with  Type  IV  diagrams:  (a)  copper,  (b) 
chromium,  and  (c)  platinum.  In  the  copper  diagram,  Panish's  work^  indicates 
that  die  Cu3A$-CugGa4  tie-line  exists  at  ~600*C,  but  the  CugAs-GaAs  de-line  may 
exist  at  lower  temperatures(~400‘C).  To  account  for  this  possibility,  both  of  these 
de-lines  are  drawn  with  dashes. 

7.  A  «ehem«He  of  the  Pd-Ga- As  diagram  of  El-Boragy  and  Schubert T  *  600*C. 

8.  Pseudoisothermal  sections  for  (a)  nickel  and  (b)  cobalt  The  diagrams  for  these 
metals  are  drawn  with  dashed  de-lines  to  the  ternary  phase  because  of  the  present 
uncertainty  about  the  stability  of  the  ternary  phase. 

9.  (a)  Quaternary  and  (b)  pseudotemary  representations  of  silicide  equilibria  with 
GaAs  in  the  W-Si-Ga-As  system. 
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Phase  Equilibria  In  Metal-Gallium-Arsenic  Systems: 
Thermodynamic  Considerations  for  Metallization  Materials 

KI  Bum  Kim,  Robert  Boyers*  end  Robert  Sinclair 
Department  of  Materials  Science  and  Engineering 
Stanford  University,  Stanford 


‘present  address:  IBM  Aimaden  Research  Center 
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CHEMISTRY  OF  Ti:GaAs  INTERFACES 
M.  KNIFFIN,  C.  R.  HELMS 
K.  B.  KIM,  R.  L.  SINCLAIR 

BACKGROUND  -  TiiSi  SYSTEM 

GaAs  SURFACE  PREPARATION  EFFECTS 

EFFECT  OF  ANNEALING  ON 
CHEMISTRY/  BARRIER  HEIGHT 

MODEL  FOR  KINETICS  OF  Ti.GaAs  REACTIONS 


BARRIER  HEIGHT  («V)  BARRIER  HEIGHT  (eV) 


Figure  5.10:  Barrier  height  as  a  function  of  annealing  temperature  for  a  variety 
of  chemical  procedures  on  p-Si.  Procedures:  Clean,  RCA',  RCA'  + 
2  hours  in  DI  water,  RCA'  w/o  HF.  The  RCA'  w/o  HF  sample  wu 
reannealed  for  10  min  at  200*C. 
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Figure  3.1:  AES  spectra  of  two  chemical  cleaning  procedures:  RCA'  and  RCA'  w/o 
HF. 


Figure  S.9:  Schottky  barrier  height  as  a  function  of  interfacial  layer  thickness 
for  p-Si.  Preparations  used  in  order  of  increasing  thickness:  sput¬ 
ter/annealed,  RCA',  RCA'  +  2  hours  DI  water,  RCA'  w/o  HF\  RCA' 
w/o  HF.  Also  shown  is  one  point  for  the  SiC  layer. 
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ClMtran  Cnargy  (aV) 


FIGURE  1. 


:  AES  SPECTRA  OP  GaAs  surface  for  four 
CLEANI NO  PROCEDURES: 

(A)  H2S0i|  j  H2O2 :  H2O  ( 5 : 1 : 1 ) 

(b)  NH4OH : H2O2 : H2O ( 1 : 1 : 10  > 

(C)  HC1 : H20 (1:1) 

(c)  NH(|0H:H20(i:10) 
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SCHOTT KY  BARRIER  HEIGHT  OR  Tb  GaA»  INTERFACES  VERSUS 
ANNEALING  TEMPERATURE* 


•  m  m  m  m  $n 


I 

,  Temperature  [°C] 


•MEASUREMENTS  DONE  IN  SPICER/HELMS  ELECTRICAL 
CHARACTERIZATION  PACILTriES 


EFFECT  OF  ANNEALING  ON  WtThGiAs  LAYERED  STRUCTURE* 


•PUTT*  TXMC  (Bln.) 

•AUGER  SPUTTER  PROFILING  PERFORMED  IN  SYSTEM 
PARTIALLY  OBTAINED  WITH  CMR  FUNDS 


til 


W.  E.  Spicer 


"Questions  Concerning  Interfacial  Chemistry,  Equilibrium,  and  Electric c 
Properties" 

Outline 

1.  PES  examination  of  chemistry  near  interface  due  to  deposition  of 

metal 

•  What  is  Chemistry? 

•  Is  Chemistry  governed  by  bulk  thermodynamics? 

•  Is  Chemistry  the  dominant  factor  in  determining  electrical 

properties  of  Schottky  barrier 

2.  Study  of  Annealing  Au  on  GaAs  (N.  Newman) 

•  Decrease  of  Schottky  banier  height  (SBH)  under  Au  dot 

(0:9  ~>  0.8  eV) 

•  Ohmic  at  perimeter  -  morphology 

3.  Study  of  Annealing  A1  on  GaAs  (N.  Newman) 

•  A1  +  GaAs  -->  AlxGai_xAs  +  GayAl 

•  SBH  increases  0.8  —  >  0.89  eV 

Study  (PES)  Annealing  In  on  GaAs  (K.  Chin) 

•  Melting  point  of  In,  InAs  formed 

•  Correlates  with  ohmic  contact 

4.  Conclusions 
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1 

Is  "Chemistry"  on  deposition  of  metals  in  agreement  with  bulk  thermodynamics? 
Or  is  it  controlled  by  kinetics  of  Surface  or  Interface  Thermodynamics? 


No  ideal  wnyto^exomiui  experimentally 

Huwevgrlphotoemission  spectroscopy  (PES)  using  synchrotron  radiation  gives  a  method 
for  examining  early  stages  of  metal:3-5  interactions  d  u  <.  %  ft  ^  /  ji  . 

Characteristics  of  PES  used  here 

1.  Examine  core  states 

For  example  As-3d 

a  Ga-3d 

Au-4f 

As  deposited  metal  (e.g.  Au)  on  clean  semiconductor  (e.g.  GaAs)  surface  formed 
by  cleavin^Jh  situ  -  diodes  for  electrical  measurements  made  in  the  same  way  , 

A 

2.  Measure 

•  Binding  Energy  (B.E.)  of  core  levels 

Gives  "Chemical  Environment"  of  Atoms 

*  Intensity  of  Cores 

Gives  Chemical  Composition  of  Layer  Studied 
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Key  to  understanding  this  PES: 

Sampling  Depth  is  5  to  10A,  i.e.  2  to  10  Atomic  Layers 

Thus!? form  clean  GaAs  surface  (usually  by  cleaving  in  UHV) 
y)  Examine  spectrum  of  core  levels  after  metals  deposition 

•  Up  to  formation  of  metal  layer  several  A  thick  -  look  principally  at  substrate,  i.e. 

GaAs 

•  With  increasing  metal  coverage  examine  metal  plus  any  Ga  and  As  involved  in 

"  reactions" 

By  Core  B.E.  Shifts  and 

Relative  Intensity  Changes  ( e.g.  does  Ga  to  As  intensity  ratio  change  from 
that  of  GaAs) 

— A-look  atchanges-iirdetail,  can  give  insight  into  any  newchemieal  species 
formed. 


i 
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POSSIBLE  COMPLICATIONS: 

Metal  may  not  deposit  on  GaAs  in  uniform  way,  layer  by  layer.  Rather  metal  "islands"  of 
various  types  may  form.  ~~ 


But  using  both  core  shifts  this  complicates  the  analysis  and  intensities  the  effects  can  be 
sorted  out 
e.g.: 

If  large  islands  of  metal  formed  leaving  some  GaAs  exposed  with  no  metal  on  it, 

Would  see  GaAs  after  enough  Au  was  deposited  to  completely  cover  GaAs  if  metal 
went  down  uniformly. 

However,  Ga  and  As 

•  Intensity  ratio  would  be  same  as  for  GaAs 

•  Core  level  binding  energies  would  be  same  as  for  GaAs 
Thus,  we  see 

1 .  Change  in  Ga  to  As  intensity  ratio  and/or 

2.  New  core  shifts  (particularly  different  As  and  Ga  core 

shifts) 

Have  Strong  Evidence  that  Chemical  Reaction  Has  Taken  Place 
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3. 


Now  Illustrate  with  Datp  From  Au  on  GaAs 


NOTE: 


1.  For  coverages  greater  than  8.7 A,  intensity  of  As  becomes  increasingly  larger 

than  that  of  Ga 

2.  For  coverages  greater  than  1.3  A  have: 


•  Ga  shift  to  lower  B.E. 

•  No  shift  in  As  peak  but  changes  in  shape  at  higher  binding  energies 


Clear  evidence  that  GaAs  is  being  disassociated  with  Ga  and  As  moving  into  new 
environment: 


A  shift  suggests  at  least  two  new  As  configurations  present  possibilities: 
1 

•Elemental  As,  perhaps  surface  segregated 
•As  in  or  reacted  with  Au 
Ga  shift  can  be  explained  by  alloying  with  Au 
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Calculation  of  Ga3d  shift  due  to  alloying  with  deposited  metal 
(also  done  for  In  4d  -  InP  case) 

1.  A  recent  article  describes  method  to  predict  core  shifts  with  respect  to  Ga  metal,  then 
can  relate  to  the  shift  in  GaAs^p 

_ ^BasetTon:  P.  Steiner  and  S.  Hufher,  Act  Metall.  29, 1885  (1981)  and  B  Johnsson 

/  and  N.  Martensson,  Phys.  Rev.  B  21, 4427  (1980). 

"-(J.  Nogami,  T.  Kendelewicz,  I.  Lindau,  and  W.  E.  Spier,  Phys.  Rev.  B  34 , 669  (1986). 


AEa(x)  =  E(A;  AxBi.x)  -  E(A+1;  AXB!_X)  +  E(A+1;A) 


I 

Take  dilute  limit,  i.e.  AEa(x)  as  x->  0 

Compare  to  experimental  shift  with  lowest  Ga  intensity  (e.g.  large  coverages) 

E(A;M)  is  partial  heat  of  solution  of  A  in  M:  A+l  denotes  element  to  right  of  A  in 
periodic  table 


aEa(x)  positive  -  increase  in  B.E.  with  respect  to  Ga  in  Ga  metal 


Metal 

A  f  = 

A  fc- 

4E*exp 

(eV) 

'  <  ■  „ '£ 
o  z  J 

>  •  Ur 

AE^lcai 

(eV) 

D*  *  t  j  A\Uy>i  f 

3  z.  ) :/  (p  a  /l^ 

PES  ewapeaof  e.i/  2/  V  ^  •  - 
Chemistry 

Au 

-0.4 

-0.38 

Strong  disruption  of  GaAs 

As  surface  segregation? 

Cu 

-0.8 

-0.83 

Strong  disruption  ofGaAs 

Ag 

-0.79 

No  GaAs  disruption 

No  alloying 

No  reaction 

Ni 

-0.7 

4 

-0.60 

Strong  disruption  of  GaAs 

As  outdiffusion 

Ni/Ga/As  phase? 

Pd 

-0.7 

-0.30 

B.E.  still  decreasing  at  50 A  Pd 
As  surface  segration, 
arsenide  formation 

Cr 

-1.25 

-1.05 

Strong  disruption  of  GaAs, 
Strong  As  out-diffusion 

Ti 

-1.8 

-1.43 

Strong  disruption  of  GaAs 

I 
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Overall  Conclusions:  on  deposit  of  metal  on  GaAs  (or  InP)  at  room  temperature  reactions 
can  take  place  which  are  not  predicted  by  bulk  thermodynamics 

Suggest  these  due  to: 

Non-equilibrium  conditions;  i.e.  kinetic  process 
Consider,  e.g.,  heat  released  due  to  condensation  of  metal  on  GaAs 
Annealing  will  take  interface  toward  thermodynamic  equilibrium 
(Another  possibility  to  consider,  interfacial  or  surface  thermodynamics) 
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See  "Chemistry"  of  various  types,  using  PES. 


What  effect  on  Electrical  Properties: 

0  \ 

1)  Seen  via  PES  (Very  This  Films!  'v  1 '  * 

2)  Seen  via  electrical  measurements  on  "thick"  (~  1000 A)  films 

CV 


_ _ 3  )  CL*yy  jt-j-  v '  ' 

For  example,  '  . _ 


j  **■  ^  ^ 


,  L  <?  J  i  ' 


Au 


Have  different  chemistry  on  deposition  for  Au,  Gtt,  and  Pd  on  GaAs  -  but  all  give 
similar  Schottky  barrier  heights: 

~0.9  on  n-type 


Variation  from  Metal  to  Metal  correlates  more  strongly  with  electronegativity  than 
other  criteria  including  chemical  activity 
8 

High  electronegativity:  higher  barrier  height  on  n-type  GaAs 


J.  f.  •  <■  y**-  ,  —'y 

J  r 


/ 
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Chemistry  doesn't  seem  to  be  the  key  to  understanding  Schottky  barrier  height^c,  *  / 


cJL^2--0-  *»■  L.  L- 


Much  more  likely  to  be  important  for 

Changes  on  order  of  0.1  eV  of  the  Schottky  barrier  height  on  annealing  at  moderate 
temperatures 


Complete  Loss  of  Schottky  barrier  on  annealing  at  very  high  temperatures 


Look  at  two  studies  at  Stanford  and  Berkeley  (Newman,  et  al;  Liliental-Weber,  et  al.) 
Au  and  A1 

Examine  Au  and  then  Al  and  In 
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Au  +  GaAs  -  Annealed 

Can  explain  in  terms  of  AuGax  formed  at  the  interface 
Decreased  electronegativity  -  thus  decrease  Schottky  barrier  height 
Questions: 

1 .  Model  predicts  p-type  barrier  must  increase  by  amount  n-decreases  must  check  - 

2.  Need  direct  evidence  of  significantGa  concentration  in  Au  at  interface.  Difficult  to 
determine  if  very  near  interface.  Evidence  to  date  is  not  conclusive. 

3.  What  happens  to  As  if  Ga  builds  up? 

Examine  TEM  lattice  image  (Liliental-Weber) 

1.  5/6  Lattice  mismatch  (affect  Schottky  barrier  height  (SBH)?) 

2.  Defects  in  GaAs  beneath  the  interface 

Other  Liliental-Weber  Electronic  Microscopic  Studies 

1.  GaAs  near  (~25-50A)  interface  As  rich 

2.  Au-Ga  +  As;  more  Ga  but  measurements  at  limits  of  technique 

Al:GaAs  for  comparison 

Tentative  Conclusion: 

Defects  and  "impurities"  (Ga  in  Au  or  excess  As  in  GaAs)  it  interface  may  be  important 
Finally:  Effect  of  Oxidation  TEM 
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anneal 

A1  +  GaAs - >  AlxGai_xAs  +  Ga 

show  PCS  results 

SBH  increases  0.8  — >  0.89  eV  on  annealing  to  360° 
stable  to  565° 

(Think  loss  of  rectification  at  higher  temperatures  due  to  A1  melting  and/or  GaAs 
dissociating  -  more  study  necessary) 


Thought  explanation  of  increase  of  Schottky  barrier  heights  was  alloy  formation  with 
larger  Eg  -  But  would  predict  that  sum  of  (SBH)  Schottky  barrier  heights  on  annealed  n- 
and  p-type  would  be  greater  than  Eg 


Newman's  experiments  to  date  don’t  agree  -  find  I  Schottky  barrier  heights  =  Eg 

Suggestion  of  Eicke  Weber  small  fraction  AJ  on. As  sides  -  doping  p-type  changes  would 
be  in  the  right  direction. 


I 
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Conclusions: 


19 


1 .  On  deposition  of  the  metal  on  to  GaAs  or  InP,  chemical  reactions  which  are  not 
predicted  by  bulk  thermodynamics  occur. 

2.  There  does  not  seem  to  be  a  strong  relationship  between  the  type  or  extent  of  chemical 
reaction  and  the  Schottky  barrier  height  (SBH)  on  as  deposited  samples.  (SBH  correlates 
most  strongly  with  electronegativity.) 

3.  "Chemistry"  may  be  a  key  in  determining  changes  in  SBH  due  to  annealing. 6-^ ;r  j-'Y 

[77  1  ' *  -  .  we*,  a  f  C».+A  ‘  v  ./  .<  v  /- 

4.  Much  more  to  be  done. 
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In  on  GaAs  -  gives  Schottky  barrier 

room  temperature  SBH  =  0.76  eV 


Anneal,  etc  -  "ohmic" 

In  +  GaAs  - >  InxGaAsi_x  +  xGa 


PES  -  Room  Temperature  see  In  metal 

anneal  above  melting  point  of  In  (see  In  in  InGaAs) 

Fermi  level  unchanged 

Consistent  with  "ohmic"  behavior  due  to  InGaAs  alloy 
Problem  -  only  Ga  in  GaAs  detected  using  photoemission 
not  metallic  Ga  (little  metallic  In) 

could  be  due  to  island  formation  but  have  not  conclusively  established  this 
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REDUCED  INTENSITY 
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3.  Both  reaction  products 
grow  as  overiayer 

thickness  increases 


2.  Onset  of  mured  phase 
growth 


1.  Heterogeneous 
formation  of  reaction 
products  (islands) 


Schematic  of  evolving  metal/semiconductor  interfaces  showing  heterogeneous,  metastable  growth 
with  spatial  dimensions  approaching  atomic  scale.  Modifying  the  physics  and  chemistry  of  bulk 
solids  to  be  applicable  to  these  dimensionally-constrained  systems  is  a  major  challenge. 


Room  Temperature  Chemical  Reactions  and 
Schottky  Barrier  Formation  at  the  Metal/lnP(110) 
Interfaces  :  Comparison  to  Si  and  GaAs  Interfaces. 


T.  Kendelewicz,  SEL,  Stanford  University, 


KL  A.  Bertness 
ItK-Owi 
as.  List 
P.  H-MahowaJd 
C.  E.McCants 
nl  NBMvnan 
ML  D.VWams 

I.  Linctau 
W:.£  Spicer 


Outline: 

t  .Introduction  and  experimental  approach 

2.  Systematics  of  chemical  reactions  at  the  M/lnP  interfaces 

3.  Submonoiayer  band  bending  vs  band  bending  for  thick 
interfaces.  Is  there  a  correlation  between  barrier  height  and 
chemistry? 

4.  Implications  on  models  of  Schottky  barrier  formation 
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Experimental  approach 


Use  high  resolution  surface  sensitive  core  level  photoemission 
spectroscopy  to  study  metal/lnP  interfaces  built  in  a  layer  by 
layer  fashion  in  UHV. 

Get  information  on: 

1.  Evolution  of  the  band  bending  with  metal  thickness. 

(from  shills  of  the  substrate  components  of  the  core  levels) 

2.  Chemical  reactions  between  the  substrate  and  the  overlayer 

(from  the  chemically  shifted  peaks). 

3.  Overlayer  growth  mode  (from  intensities). 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Studies  were  performed  irr  GJHV  on  dean  cleaved  InP(IIO) 
surfaces  exposed  to  cnntraHed  amounts  of  metals  deposited  by 
resistive  heating  from  irs  si  tut  cleaned  sources  (deposition  rates 
of  about  lA/min,  pressure  during  evaporations  about  JO10 
Torr). 
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Advantage  of  the  technique: 

1.  Surface  sensitivity-  allows  one  to  study  the  very  begining  of 
the  chemical  reactions  and  initial  band  bending. 

2.  Photon  energy  tunability  -  allows  modeling  of  interfaces. 

3L  Atomic  specificity  -  possibility  to  independently  study  the 
reactions  of  al  the  species  building  the  interface. 

4L  Control  of  contamination-  possibility  to  detect  contaminants 
(Q,  C  etc.) 


Limitation  of  PES: 

1.  Does  not  provide  information  on  burried  interfaces 

2.  Has  to  be  combined  with  other  techniques  (ex  l-V  or  C-V) 

to  compare  submonolayer  band  beding  with  thick  devices 
barrier  heights 

3.  Often  requires  computer  fitting  of  the  data  to  separate'  band 
bending  (error  bar  0.1  eV)  and  model  chemistry 
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Description  of  chemical  reactions  at  the  M/lnP  interfaces 


1.  3d  transition  metals  (Ti,V,Cr,Mn,Co,Ni)-  strongly  reactive, 
multiphase  reactions,  uniform  overlayers  (no  clustering). 

2.  Near  noble  metals  (Ni,  Pd,  Pt)-  strength  of  the  reaction 
decreases  in  the  sequence  Ni-Pd-Pt,  clustering  for  PL 

3.  Noble  metals  -  much  less  reactive  than  transition  metals. 
Reaction  switches  from  mostly  M-P  for  Cu  to  mostly  M-ln  for  Au. 
Ag-  one  of  the  least  reactive  metals. 

4.  Column  III  simple  metals  (Al,  Ga,  In,  TI)-  Limited  exchange 
reaction  for  Al  and  Ga,  with  exception  of  TI  tendency  to  cluster. 

5.  Column  IV  elements  (Si,  Ge,  Sn)-  Considerably  less  reactive 
than  transition  metals  or  Al.  However,  some  outdiffusion  of 
substrate  species  cfearly  observed.  Typically  form  uniform 
overlayers  (no  clustering).. 


141 


1 

i 


(s*fun  Xjej;;qje)  A1ISN31NI 

141 


KINETIC  ENERGY  (eV) 


NORMALIZED  INTENSITY  (a.u.) 


General  trends  in  reactivity  (comparison  with  GaAs  and  Si) 

1.  All  metals  studied  react  with  the  InP  surface.  A  truly 
nonreactive  and  sharp  interface  was  not  found.  Ag  closest  to 
ideal. 

2.  In  reactions 

In  is  diluted  into  the  overlayer.  The  changing  stoichiometry  of 
the  alloy  is  reflected  in  the  binding  emrgy  shifts  of  the  In  4d 
core  level.  Trends  in  data  understood  "m  terms  of  the  model 
calculations  using  Bom-H&oer  cycle  and  heats  of  solution  from 
Miedema. 

Similar  behavior  as  for  M/GaAs  interfaces. 

3.  P  reactions 

P  is  involved  in  single  (Ni)  or  multiphase  ( PdrTi)  reactions. 
Binding  energies  of  these  phases  are  constant  through  the 
interface  evolution  indicating  well  defined  reaction  produces. 

Similar  behavior  as  for  RA/GaAs  intrefaces. 

4.  There  seems  to  be  rro  indication  for  ternary  reaction 
products. 

5.  For  strongly  reactive  interfaces  P  containing  phases  are 
trapped  at  the  interface  and  in  strongfy  outdifusses  (In  signal 
often  detected  for  overlayers  thicker  than  fOOA. 

Opposite  trend  observed  for  M/GaAs  interfaces.  The  differences 
may  be  related  to  larger  heats  of  compound  formation  for 
phosphides. 

6.  Trends  in  reactions  are  remarkably  similar  to  those  detected 
for  M/Si  interfaces  with  P  playing  the  role  of  Si  In  the  reaction 
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products  and  In  segregating  out  This  observation  seems  to  be 
true  (to  some  extent)  for  M/GaAs  interfaces. 

7.  The  data  pin  point  the  important  role  played  by  unfilled  d 
shells  in  the  interfacial  reactions.  The  metals  with  unfilled  d- 
shells  react  particularly  strongly  with  InP  (p-d  hybridization). 

8.  Bulk  thermodynamics  is  quite  useful  in  predicting  or 
accounting  for  interfacial  reactions.  However,  at  RT  the 
interfaces  are  not  in  equilibrium  and  kinetics  has  to  be 
considered. 
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INTIMATE  SCHOTTKY  BARRIERS  ON 
CLEAVED  n-InP(llO) 


Metal 

I-V  Measurements 

Fermi  Level  Pinning  from  PES* 

Our  Da 

Barrier  Height  (eV) 

ita 

Ideality  Factor 

Oar  Efctta. 

Brillson  et  al. 

9.1  cV 

Ag 

0.54 

1.02±0.02 

QL45 

0.45 

Cr 

0.45 

l.lQztO.10 

>0140 

- 

Cu 

0.42 

l-03±0.05 

0j65 

0.70 

An 

0.42 

mmunm 

0.40 

0.40 

Pd 

0.41 

1.03±0H7 

0.40 

030 

Mn 

0.35 

0.40 

• 

Sn 

035 

La4tHLI5 

930 

A1 

O 33 

Ladtfli4 

030 

030 

Ni 

5  | 

LQ±CL3 

aio 

0.20 

i 

I 
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‘Pinning  established  from:  crrigiiial  data,  for  coverages  below  10A 
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Band  bending 

1.  Fermi  level  is  pinned  very  rapidly.  In  the  extreme  case  of 
transition  metals,  only  a  small  fraction  of  a  monolayer  is 
necessary  to  complete  the  band  bending. 

2.  Pinning  level  is  independent  on  the  type  of  doping  (including 
ex.  Al  overlayers). 

3.  Pinning  in  the  submonolayer  coverage  range  agrees  very  well 
with  barrier  heights  for  diodes  measured  with;  fl-V. 

4.  Barrier  heights  for  ail  metals  studied  are  between  0.3  and  0.6 
eV  (n-type)  and  certainly  DO  NOT  correate  with  chemistry. 
There  seems  to  be  some  dependence  on  electronegativity 
(work  function).  This  point  is  in  disagreement  with  older  studies 
which  suggested  possible  correlation  with  reactivity. 

5.  Trends  for  InP  and  GaAs  are  very  similar  which  indicates 
similar  basic  mechanisms. 
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o  Motivation  for  M/AB  studies 

o  Application  of  bulk  equilibrium  M-A-B  phase  diagrams  to  M/AB 

reactions: 

o  In/GaAs,  a  "success” 

o  Pd/GaAs,  a  "failure" 

o  An  example  of  uncharted  territory: 

the  Ni/lnP  reaction 

o  Conclusions 


Electron  microscope  studies  of  an  alloyed  Au/Ni/Au-Ge 
ohmic  contact  to  GaAs  J~AF>  SH  OS33)  £  9SS. 

T.  S.  Kuan,  P.  E.  Batson,  T.  N.  Jackson,  H.  Rupprecht.  and  E.  L  Wilkie 
IBM  Thomas  J.  Watson  Restarch  Center.  Yorktown  Heights.  Hew  York  10596 


Why  study  M/AB  reactions? 


Au-Ni-Ge/n-GaAs: 


o  low  rc.  but 
o  difficult  to  reproduce 
o  not  stable  at  moderate  T 
o  lacks  submicron  lateral  uniformity 


Design  of  contact  metallizations  which  are  compatible  with  future 
device  requirements  will  require  at  least  a  rudimentary  understanding 
of  phase  stability  in  M-A-o  systems. 


'12 


”lf  it  ain’t  broke  don't  fix  it  ...” 

tools*in^yotir  back  pockf?""*  br'ak  tomorrow-  *°u  b*“«  your 


in 


n-GaAs 


///////////////////////Z . 


n-JnAs  | 


mm 


i  n-GaAs 


|n-ua,'^finxas  j 


Wood *11  tfgl.  TVST  1921 


X8L  864-1319 


167 


Cu  Ga  As 

(  \<  v  \ 


Ga  As  In  Cr 

u  i  i 


Cu  Ga  As 

I  V  V  ^ 


counts 


600 °C 


El-Boragy  &  Schubert,  Z.Metall.,  1981 


I  /  /\ 


f 


600°C 


Pd2Gav 
Pd12Ga5As2 


Pd2As 


PdGa: 


PdAs2 


GaAs 


El-Boragy  &  Schubert,  Z.Metall.,  1981 


in 


peak  to  peak(arb.) 


01  23456789  10 

sputter  time  (min.) 


XBL  869-3271 


1 12 


counts/ch. 


0.5  (im 


ts/ch  counts  ch 


Conclusion 


o  Bulk  equilibrium  M-A-B  phase  diagrams,  if  available,  can 
be  used  to  predict  the  stable  phases  resulting  from  an 
M/AB  reaction  with  the  following  caveats: 

o  surface  and  interface  contributions  to  the  free 
energy  may  be  significant  (e.g.  Pd/GaAs) 

o  An  M/AB  system  cannot  be  assumed  to  be  a  closed 
system  (e.g.  Pd/GaAs,  Ni/lnP,  ...) 

o  Bulk  equilibrium  M-A~B  phase  diagrams  are  not  available 
for  most  systems  of  interest 

— >  more  experimental  data  is  needed 
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Intermediate  and  Stable  Phases  in  Selected  M/AB  Systems 
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*e-gun  deposited  on  (100)  GaAs,  capped  with  SiO?-  Stable  phases  are 
final  product  phases  after  annealing  at  500°C<T<700°C 
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(b)  Extensive  history  (invested  by  N.  Breslau  in  1967) 

(c)  Enceflent  nm- to-run  reproducibility 

(d)  Prepared  by  toindard  evaporation  and  annealing  techniques 


(a)  Thermally  unstable  (process  requirement —  400 *C,  2  hrs) 

(b)  Require  a  bamer  layer  between  Al-Cu  wiring  and  contact  metal 

facas  af  Mm  Prmat  Research  far  AaPfiGa  Contact  Metals: 

•  Explore  the  possibility  to  improve  thermal  stability 


•  Identify  compounds  or  phases  which  produce  low  Rc 

•  Investigate  thermal  stability  of  these  compounds 


AaNiGe  Oinaic  Contacts 
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•  Annealed  in  Ar/H2  atmosphere 

•  Ac  measurement . transmission  %e  method 

•  Microstructural  analysis . X-ray  diffraction,  TEM,  AES 


"Correlate  microstructures  with  low  or  high  Rcn 
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"High  Contact  Resistance’ 
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Microstructure  Which  Produces  Low  Contact  Resistance 
— Cross-sectional  TEM,  X-ray  Diffraction,  AES 


•  NiAagCc)  compounds  in  contact  with  the  GaAs  substrate 
•  0-AuGupfistse  (Tm  »  360°C)  close  to  the  top  surface 


Concern  for  Dcrice  Application 

1.  Profile  at  contact  edges  would  deteriorate  after  contact  formation 

i 

2.  The  macrostnicture  would  be  unstable  at  400°C 


II.  MoGcW  Ohmic  Contacts 


Why  MoGeW  Contact  Metal? 

•  First  ohmic  contact  to  n-type  GaAs  formed  using  refractory  metals 
CTiwari,  Kuan  and  Tierney,  1 983) 

•  Formed  by  annealing  at  ~  800°C 

•  Expected  to  be  thermally  stable  at  400°  C  after  contact  formation 

Focus  of  Present  Research 

(a)  Search  process  (composition-temperature)  window  to  form 

4 

Me  <  0-5  Q-mm 

(b)  Investigate  thermal  stability  at  4003C  annealing 

(c)  Further  reduction  of  Rc  —  understand  the  carrier  transport  mechanism 


variables — •  Mo/Ge  composition  ratio,  •  annealing  temperature 
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1 

K.  AaNiGe  ohmic  contacts 

I  •  Low  contact  resistance  (~  0.2  ft  nun} 

j  •  Deterioration  of  edge  profiles 

•  Thermally  unstable  at  400°C 

i 

MoGeW  ohmic  contacts  (InAs  overpressure  annealing) 
1  •  Thermally  stable  at  400°C 

j  •  Rc  ~  03  Q-mm 

^  •  Poor  nm-to-nm  reproducibility 

1IL  MoGelnW  ohmic  contact 

•  Good  reproducibility 

•  No  visible  morphological  change 

•  Wide  application  (short  diffusion  dbtance) 

•  Re  **  0.8  Q-mm 


|  ^  Focus  of  Future  Study  for  MoGelnW  Ohmic  Contacts: 

j  "Reduction  of  Rc  <  0.2  0-®m" 
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Non-alloyed  ohmic  contact  by 
Solid  State  Reactions 


U.C.S.D.  IBM 

Eric  Marshall  T.  F.  Kuech 

Bei  Zhang 
L.  C.  Wang 
S.  S.  Lau 


Cornell 
K.  Kavanagh 
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We  concentrate  on: 


Ge/Pd/n  -  GaAs 
and 

Si/Pd/n  -  GaAs 

The  use  of  Ge-Pd  on  n-GaAs  is  not  new: 

A.  K.  Sinha  et  al  1975 

H.  R.  Grinolds  and  G.  Y.  Robinson  1980. 

pel 

5’CO  A 


$"oo  -  boo°c 
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The  contact  deposition  scheme  is  inverted  in  our  case 
appears  to  make  a  big  difference 


O  *  (XuAs 


(xt. 


Solid  State  Reactions: 
Configuration  ( schematic  al ) : 


Ge 


GaAs 

Pd 

Ge 

Anneal  _ 

— — — ^  »  bans 

Ge 

PdGe 

<100> 

(.a) 

275-400  C 

C«oi) 

---jr 

Thickness:  500  A  1150  A 
Atomic  Ratio:  1  :  1.5 


The  idea  is  to  simulate  this 

1 


R.  Stall,  C.E.C.  Vood,  K.  Board,  and  L.F.  Eoatacm, 
Elaotronloa  Lattora,  12.  8ffl(187©. 

Rc  **  (0  ^  &  c**'*1’ 
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13  •  16  17  18  19  20 

LOG  N0  (cm"*3) 


Observed  contact  resistance  a  function  of  n-GaAs  doping. 
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Conditions  for  ohmic  behavior: 

(1)  Pd  must  be  in  contact  with  GaAs  initially 

(Ge/Pd/GaAs  -►  low  pc.  Pd/Ge/GaAs  -»  high  pc) 


(2)  Ge  is  necessary 

(Pd/n-GaAs  ->  high  pc  or  non  -  H.) 


(3)  Complete  transport  of  Ge  generally  leads  to 
lower  pc  and  better  thermal  stability. 
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How  does  the  Ge/Pd  system  work? 
It  is  proposed: 


Pd 


As 


or 

K  T46w.jAs.i  C 

I  i  m  .+§a  readlsn 


PAx  w-y  As 
at"  tta  interim 


As  1-5 

Formation  of  PdGa  (or  PdGa.^  As.^ )  -►  Excess 
Ga  vacant  sites  -►  Ge  occupies  these  sites^surface  —► 


If  this  replacement  mechanism  works  for  n  type 
GaAs,  the  same  mechanism  should  not  yield  low  pc 
for  p  type  GaAs! 


,^5-y 


rr 


Experiment  ally : 

(1)  For  n-type  GaAs. 

Ge/Pd  yields  low  pc  from  A  x  1016  to  2  x  1018/cm3 
(No  =  4.7  x  1017) 

Pd  alone  does  not  work  well. 


(2)  For  p-type  GaAs, 

Ge/Pd  yields  low  pc  from  >  1  x  1019/cm3 
(Nv  =  7  x  1018/cm3.  For  lower  concentrations,  Pd 
alone  works  better.  To  dope  p  type  surface 
selectively,  a  metal  which  form  mAs  should  be 
used. 
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Is  the  Ge/GaAs  heterojunction  important  in  this 
Ohmic  contact  scheme? 


The  evidence  we  have  so  far  seems  to  say  no. 


S  i  ) 

S;U*) 

- 

Pd 

- y 

P^I-7  Si" 

o  -<to.As 

i-z  +  <o'* 

O  If'm.'c 


^  4o 


C^v' 


Note: 

(l)the  temperature  is  low  -  no  macroscopic  Si 
transport  (from  Backscattering  measurement) 


(2)  even  if  there  is  some  microscopic  Si  transport  — 
the  lattice  match  is  poor  -  should  not  result  in  good 
epitaxy. 


Heterojunction  does  seem  to  play  an  important  role 
in  ohmic  contact  formation. 


SUMMARY 


(1) For  this*  ohmic  contact  scheme  to  work: 

(i)  Pd  must  be  in  contact  with  GaAs  initially. 

(ii)  Ge  is  necessary. 

(2)  The  replacement  mechanism  seems  to  be  applicable. 

(3)  The  interface  is  structurally  abrupt  to  atomic 
dimensions. 

(4)  Thermal  stability  -  good  at  ~400  °  C  for  hours  (still 
in  the  10  ~6  range)  -  appear  to  be  related  to  the 
uniformity  of  the  transport. 

(5)  Applicable  to  n,  p  GaAs,  n,  p  InGaAs  n,  p 
InGaAsP  and  n  -  InP. 


Large  Variations  of  GaAs  Schottky  Barrier  Height 
by  Interface  Layers 


J.  R.  Waldrop 
Rockwell  International 


Three  examples  of  interface  Fermi  energy  Ep  varying  by 
more  than  0.6  eV  at  n-type  GaAs  (100)  interfaces 

a)  oxides +  Au 

b)  metals  +  chalcogens  (S,Se,Te) 

c)  model  AuGeNi  contacts  for  ohmic  contact 
applications 
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■  low  band  bending,  Ep  ^1 .2  eV,  observed  for  Ga203  (H2O) 
covered  1 00  surfaces 

•  results  of  Offsey  et  al  (Appl  Phys  Lett  475  ( 1 986)) 
indicate  low  band  bending  on  oxide  surfaces  after 
treatment  with  water  and  laser  irradiation 

•  low  band  bending  condition  eliminated  after  metal 
deposition  onto  68203 

• 

•  up  to  0.1  eY  shift  in  Ep  occurs  with  sequential  oxide  and 
metal  surface  treatments 


metal-chalcooen  (S.SerTe)-GaAs  interfaces 

Waldrop,  JVST  fii  1 1 97  ( 1 985) 
APL  42,1301  (1985) 

■  H2S  exposure  (M25°C)  of  clean  GaAs  prior  to  R.T.  A1 
deposition  gives  l-V  measured  of  ~0.4  eV  (Massies,  et  at, 
APL  22,693  0981)) 


Summary  of  XPS  results 

■  exposure  of  clean  R.T  ( 1 00)  surfaces  to  elemental  S,  Se, 
or  Te  increases  Ep  ~0. 1 5  eV  to  EpCchol  cogen  )=~0.85  eV. 
Chalcogen  exposure  alone  does  not  account  for  low 

•  S  and  Se  form  reacted  region,  Te  is  nonreactive 

•  Additional  Ep  shift  occurs  with  metal  deposition  onto 
chalcognide  surface 

•  reactive  metals  (Al,  Mn)  increase  Ep  upon 
metal-chalcogen  reaction;  nonreactive  metals  (Au,  Ag, 
Pd)  decrease  Ep 

•  Final  Ep  is  after  metal  deposition 

•  XPS  observed  range  in  Ep  is  >0.5  eV 


R£PR£$EN TAT/VE  I-V  X>ATA  f°R  A  S£l£cTioa/ 

Of  fate  SCrtoTTtfV  CONTACTS 

*  ^7  a/0'V  £*»v 

I-v  jmt*  consisTE-vT  a //rtf  *Ps  ^  o&sERvAi'oNS, 

Noj/t£W*£  /PETAL -CAAuotfW  CONTACTS  HA^E 

HlEtffl  THA/J  HE  ACTIVE  MflAl-GEALCoC-etJ 
CONTACTS 


Table  I 


Influence  of  Interface  S,  Se  and  Te  on  the  Schottky  Barrier 


Height  of  Various  Metal  Contacts  to  GaAs 


Metal 

Interface 

n 

”  (.»> 

(eV) 

A1 

S 

1.05 

0.52 

0.45 

1.5  A  Se 

1.03 

0.53 

0.52 

4  A  Se 

-- 

-  0.35 

21 A  Se 

1.19 

0.48 

0.39 

3  A  Te 

1.04 

0.51 

0.53 

7  A  Te 

1.06 

0.44 

0.40 

22  A  Te 

1.06 

0.52 

0.50 

ideal 

1.04 

0.74 

0.75 

ideal3 

1.07 

0.85 

0.84 

Mn 

7  A  Se 

1.08 

0.51 

0.61 

ideal 

1.03 

0.82 

0.82 

Ti 

11 A  Te 

1.02 

0.72 

0.72 

ideal3 

1.03 

0.83 

0.83 

Au 

sb 

1.03 

1.00 

1.02 

20  A  Seb 

1.08 

0.97 

0.96 

0.5 A  Te 

1.03 

0.89 

0.87 

10  A  Te 

1.03 

0.83 

0.81 

~  100  A  Te. 

1.02 

0.79 

0.78 

ideal a,b 

1.03 

0.89 

0.89 

Ag 

Sb 

1.05 

0.96 

0.99 

3  A  Te 

1.04 

0.84 

0.84 

ideal ,3»b 

1.03 

0.90 

0.89 

Pd 

5  A  Se 

1.04 

0.93 

0.94 

ideal3 

1.03 

0.91 

0.93 

Waldrop  and  Grant,  submitted  to  APL 


•  nonalloyed  contacts  consisting  of  Au,  Ni,  Ge,  NiAs,  and  Te 
layers 

•  correlation  of  interface  composition  and  4b 

« 

■  XPS  for  Ep  measurement  and  composition  analysis 

•  4b  measured  on  thick  contacts  by  l-V  (XPS  characterized 
interfaces) 

•  high  temperature  nonalloyed  ohmic  contact  applications 
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fAA*  Ep  yi!^  ,s  °-lS^ 

Bp  IS 

£7  C 


Ga  3d  BINDING  ENERGY  EGa3d  (eV) 


Representative  l-V  data  for  a  selection  of  contacts  that 
have  a  variety  of  structures  (area  =  5.07  x  10"^  cm2) 

Multilayered  contacts  are  shown  on  right 

For  contactsAwith  Ge  interlayer,  Ep  =  1.0-  1 .2  eV  before 
subsequent  depositions 

XPS  Ep  measurements  for  deposition  on  Ge  overlayer 
consistent  with  l-V  measurements 

37/ 


•  low  obtained  when  Ge  layers  are  deposited  under 
certain  conditions  and  Ge-GaAs  interface  is  separated 
from  metal  by  intervening  layer 


•  intervening  layer  was  Ni  As  or  Te 


•  for  all  contact  structures  ranged  from  0.23  to  0.89  eV 
(''0.65  eV  range) 


Summary 

Ep  of  M  .0  -  1 .2  eV  can  be  obtained  with  Ga203(H20) 
overlayers,  Ge(As)  overlayers,  and  metal-chalcogen 
reactions 

9 

<|>B  (Ep)  variations  >0.6  eV  can  occur  with  interfaces  that 
have  a  wide  variety  of  compositions 

i 

Ep  is  not  restricted  to  a  narrow  range  for  all  GaAs 
interfaces 
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^  Effects  on  Schottky  Barriers  of 

Metal  Substitution  in  Semiconductors* 


E.A.  Kraut  and  tf.A.  Harrison** 

Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


ABSTRACT 


The  question  of  shat  effects  transport  of  metal  atoms  into  the 
semiconductor  at  a  Schottky  barrier  may  have  on  the  harrier 
properties  is  examined  using  tight-binding  theory  based  on 
universal  parameters.  For  example,  the  total  change  in  energy 
associated  with  an  interchange  of  aluminum  and  gallium  atoms  across 
an  interface  between  metallic  aluminum  and  gallium  arsenide  is 
calculated  and  is  found  to  favor  the  interchange  in  agreement  with 
the  experimental  results  of  Bachrach  and  others.  Since  aluminum  and 
gallium  have  the  same  valence  this  interchange  does  not  transfer- 
charge  nor  generate  appreciable  dipoles. However,  we  take  the 
Schottky  barrier  height  to  be  determined  by  the  position  of  the 
bands  relative  to  the  average  hybrid  energy  of  the  compound,  which 
is  expected  to  match  the  Fermi-energv  of  the  metal,  as  suggested  by 
Harrison  and  Tersoff  (PCSI.1986),  who  find  the  energy  to  the 
valence  band  maximum  (relative  to  the  average  hybrid  energy) 
differs  by  0.12  eV  between  GaAs  and  AlAs,  the  latter  lying  lower. 
Thus,  for  example,  if  25%  of  the  fir3t  layer  of  Ga  atoms  are 
replaced  by  Al,  the  Schottky  barrier  for  holes  in  a  junction  with 
p-type  material  would  be  increased  by  0.03  eY.  The  shift  for  n-type 
barriers  can  be  similarly  estimated  using  the  experimental  band 
gaps  and  is  larger.  The  corresponding  calculation  for  any  other 
system  is  just  as  easily  obtained  using  our  recent  tables  of 
energies  of  substitution  to  determine  if  substitution  is  expected 
and  the  tables  of  band-lineups  to  estimate  the  sign  and  magnitude 
of  the  effect. 


♦Supported,  in  part,  by  ONE  Contract  No.  N00014-85-C-0135 

**  Permanent  address:  Applied  Physics  Department,  Stanford 
University,  Stanford  California  94305. 
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and 
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When  a  metal/semiconductor 
junction  is  formed  some  of  the 
metal  atoms  may  become 
incorporated  into  the 
semiconductor  lattice. 

A  good  example  is  the 
incorporation  of  A1  atoms  into  the 
GaAs  lattice  at  an  Al/GaAs 
interface. 


We  have  used  Harrison’s 
tight-binding  theory  with  universal 
parameters  to: 

1.)  calculate  the  energetics  of 
this  interchange  and  to 
2.)  determine  the  resulti'no  shift  in 
Schottky  barrier  height 
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1NTFRFACE  BETWEEN  METALLIC 
ALUMINUM  &  GAI  I  HJM  ARSFN1DF 


Total  Change  in  Energy  To 
Substitute  an  Al  atom  for  a  bulk 
Ga  atom  in  GaAs: 
ljEnergy  to  remove  an  Al  atom 
from  bulk  Al  (cohesive  energy) 

3.39  eV/atom  (exp  val  from  Kittel) 

2. )Energy  gained  by  replacing  a  Ga 
atom  in  GaAs  by  an  Al  atom 
-1.03  eV  (Our  calculations) 

3. )Energy  to  add  the  released  Ga 
atom  to  a  clump  of  metallic  Ga 
-2.81  eV/atom  (coh.energy-Kitte!) 

4. )Net  energy  gain  by  replacement: 
3.39-1.03-2.81=  -0.45  eV/atom 


Conclusion:  Substitution  will  occur 
for  high  enough  temperature  given 
long  enough  time 


Effect  on  Schottky  Barrier  Height 

1. )  A1  and  Ga  have  the  same 
valence  so,  to  first  order,  there  is 
no  charge  transfer  nor  appreciable 
dipole  generation. 

2. )The  Schottky  barrier  height  is 
determined  by  the  position  of  the 
bands  relative  to  the  average 
hybrid  energy  of  the  compound 
which  is  expected  to  match  the 
Fermi  energy  of  the  metal 
(Harrison  and  Tersoff,  1986). 

3. )  Relative  to  the  average  hybrid 
energy,  the  valence-band  maximum 
of  AlAs  is  0.12  eV  lower  than  the 
VBM  in  GaAs,  Thus  if  255S  of  the 
first  layer  of  Ga  atoms  are 
replaced  by  Al  atoms,  the 
Schottky  barrier  for  holes  in  a 
junction  with  p-type  GaAs  would 
be  increased  by  0.03  eV. 


Tin  on  Germanium  :Also  Homopoiar 
Energy  cost  to  remove  a  tin  atom 
from  the  metal  =  3.14  eV/atom 


Energy  cost  to  replace  a  Ge  atom 
in  bulk  Ge  by  a  tin  atom  =  1.12  eV 

Energy  gained  by  returning  the  Ge 
atom  to  bulk  Ge  =  3.85  eV 
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net  energy  cost 


Ui 


the  exchanged. 14+1. 12-3. 85=0. 41 
The  two  are  not  very  soluble 
largely  because  of  the  misfit 
energy  which  dominates  the  1.12 
eV/atom  it  costs  to  substitute  tin 
in  Ge.  So  little  mixing  is  expected 
and  the  effect  of  what  little 
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Aluminum  on  Germanium 
Heterovalent  Substitution 
Energy  cost  to  remove  an  Al  atom 
from  the  metal  =  3.39  eV/atom 
Energy  cost  to  replace  a  Ge  atom 
in  bulk  Ge  by  an  Al  atom  =  2.34  eV 
Energy  gained  by  returning  the  Ge 
atom  to  bulk  Ge  =  3.85  eV 
Net  energy  cost  =  3. 39+2. 34-3. 85  = 
1.88  eV/atom 

Because  the  A!  only  brines  3 

*w*  w-' 

valence  electrons  with  it,  we 
supply  the  missing  electron  from 
the  Ge  valence  band, leaving  a  hole, 
if  we  started  with  intrinsic  Ge  the 
Al  substitution  dopes  Ge  p-type 
If  the  starting  Ge  is  n-type,  an 
electron  at  the  Fermi  energy  near 
the  CB  edge  could  drop  to  the  hole, 
gaining  a  few  tenths  of  an  eV  and 
reducing  the  substitution  energy 
by  this  amount.  A*‘ 


in  any  case,  the  actual  energy  cost 
to  substitute  Al  for  Ge  is  large. 
Doping  in  general  is  energetically 
expensive.  The  energy  cost  is 
primarily  associated  with  the 
rearrangement  of  bond  polarity. 

We  conclude  that  doping  effects, 
charge  shifts,  and  Schottky 
barrier  variations  associated  with 
heterovalent  metal  substitution 
into  a  semiconductor  must  be 
associated  primarily  with 
nonequilibrium  processes  i.e.  they 
will  not  be  observed  even  at  high 
temperatures  over  long  time 
intervals.  These  observations  may 
have  a  bearing  on  the  stability  of 
various  types  of 
metal/ sem  ir onduc  t  or  cont  ac  t  s . 
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Summary 

e  Appreciable  atomic  transfer  can 
occur  in  special  cases-homopolar 
substitution  or  compensating  doping 
•Where  large  effects  can  occur-the 
heteropolar  case-the  amount  of 
substitution  in  equilibrium  is  too 
small  to  allow  appreciable  effects. 
•These  calculations  for  other 


systems  are  just  as  easily  done  using 
o  u  r  re  c  e  n  1. 1.  able  s  o  f  e  n  e  ro  i  e  s  o  f 


s  u b  s  t  i  t u  t.  i  o  n  ;  a  n  d  t h  e  re  c  e  n  t 


Harris  on -Te 


off  tables 


1. )  E. A.  Kraut  and  w.  A.  Harrison,  J.  Vac.  Sci. 
Technol.3  3(4],  1267(1935) 

2. )  E.  A.  Kraut  ar.c  W.A.  Harrison,  J.  Vac.  Sci. 
Techncl.  B  2(3),  409  (1964]  3.)  E.  A.  Kraut 
anc  W.  A.  Harrison,  to  he  publtshec 

4.)W.  A.  Harrison  and  J.  Tarsof  f.  J.  Vac.  3u. 
Techncl.  E  4(4),  1058(1935) 
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III-V  Interfaces:  Schottky  Barriers  vs. 
Heterojunctions 


Giorgio  Margaritondo 
University  of  Wisconsin 


yHt-CAVT**1* . 


HETERO JUNCTION  BAND  LINEUPS 
VS  . 

SCHOTTKY  BARRIER  HEIGHTS 


What  can  we  learn  from  their 
correlation? 
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THE  CORRELATION  BETWEEN 
SCH0TT8CY  BARRIER  HEIGHT! 
AND  HETEROJUNCTION  BAND 
DISCONTINUITIES  IS 
PREDICTED  BY: 
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Midgap-Energy  Approach 
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DEFINITION  OF  "LINEAR"  MODELS: 


Band  Discontinuity  = 


T. 

1 


depends  on  semiconductor 


1 


Examples : 

o  ELECTRON  AFFINITY  RULE  ^ 
(Anderson,  Duke-Mailhiot , 

Flores  al., 

o  MID  GAP— ENERGY  APPROACH 

o  TIGHT-BINDING  ° 

(Harrison) 

o  PSEUDOPOTENTIAL 
(Frensley-Kroemer) 

o  DEEP-IMPURITY  APPROACH 

(Zunger  et  al.,  Langer-Heinrich) 

General  Optimization:  Katnani-Margari tone 
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ALL  THE  GENERAL-PURPOSE  HETEROJUNCTION  DISCONTINUITY 
MODELS  ARE 


(WHERE  THE  TERMS  T^  T2  ARE  DETERMINED  BY  THE  TWO 
COMPONENTS  OF  THE  HETEROJUNCTION) 


(EXAMPLES:  HARRISON,  FRENSLEY-KROEMER,  TERSOFP, 
ANDERSON  ETC.) 


CONSEQUENCES  OF  THE  LINEARITY  THAT  CAN  BE  TESTED  WITH 
OUR  DATA  BASE: 

1.  TRANSITIVITY:  AE^»2  +  AE2’3  +  AE3’1  = 

2.  THE  DISCONTINUITIES  ARE  INDEPENDENT  OF  THE 
MICROSCOPIC  INTERFACE  PROPERTIES 


GENERAL  RESULT  OF  TESTS: 

ALL  LINEAR  MODELS  HAVE  AN  U  ND  E  R  L  Y I NG  '  A  C  C  UR  A  C  Y 
LIMIT;.  THEIR  AVERAGE  ACCURACY  IN  PREDICTING  THE 
BAND  DISCONTINUITIES  CANNOT  EXCEED  oTl5  eV; 
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A  theoretical  calculation  for  a  ZnSe-Ge(llO) 
heterojunction  with  an  ultrathin  intralayer 


J.C.  Duran*,  A.  Muftoz  and  F.  Flores 
Departamenro  dc  Fisica  del  Estado  So  lido 
Universidad  Autonoma  de  Madrid,  Cantoblanco,  28049  Madrid,  Spain. 


Abstract 

• 

Wc  present  a  consistent  tight-binding  calculation  of  the  ZnSc-Ge(I!0) 
heterojunction  with  an  Al-monoiayer  between  the  two  semiconductors.  Our  results  are 
in  reasonable  agreement  with  the  experimental  evidence  found  by  Niles  et  al,  showing 
that  an  ideal  interface  is  an  adequate  model  to  explain  the  interface  behaviour.  The 
shift  in  the  valence  band  offset  due  to  the  Al-intralaycr  is  interpreted  as  a  shift  in  the 


difference  between  the^chargc  neutrality  levels  of  both  semiconductors,  induced  by  the 
deposited  mtralayer. 


PACS  numbers:  73.40.-c  ,  73.40.-Lq  ,  73.40.-Vz  . 
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Metal/Si  reactions 
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Impurity  effect 
Competing  reactions 

a)  Ternary  phase  formation  (CoxGa2.yASy) 

b)  Ternary  phase  decomposition  (Metastable) 

c)  Binary  phase  formation  (CoGa  +  CoAs) 

d)  Evaporation  of  arsenic 
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THE  STRUCTURE  OF  Au/GaAs  AND  AI/GaAs 

INTERFACES 


Zuzanna  LIUental-Weber 


Materials  and  Molacular  Rasaarch  Division 
Lawranca  Baricaiay  Laboratory 
Barkaiay,  CA  94720 
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THE  STRUCTURE  OF  Au/GaAa  AND  AI/GaAs 

INTERFACES 


•  INTRODUCTION 

•• 

•  Au  AND  A)  CONTACTS  ON  CLEAVED  GaAs  (110) 

-  UHV-dsposltsd  structures 

-  annstisd  smidurM  (UHV  SsposWsd) 

-  annsslsd  structures  (air-sxpossd) 

Au  CONTACTS  ON  CHEIBCALLY  PREPARED  GaAs  (100 

-  snnssIsS  structures 


Al  CONTACTS  DEPOSITED  BY  MBE  ON  GaAs  (100) 


CONCLUSIONS 
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CONCLUSIONS 


•  SURFACE  PREPARATION  (PRESENCE  OF  OXYGEN)  DETERM 
•  interface  morphology 

-  metal  grain  orientation-relationship  with  GaAs 

-  formation  of  new  phases 


•  CONTACT  FORMATION  MECHANISM: 


-  Schottky  contacts: 

*  Au,  A!  and  TiSi2  Schottky  contacts  show  increased  As/Ga 

ratios  in  GaAs  near  the  metal/semiconductor  interface 

*  evidence  for  interfacial  defects 

*  results  support  defect  models  of  "Schottky"  barrier  formation 

-  Ohmic  contacts: 

*  elongated  crystallites  at  the  periphery  of  annealed  Au  contacts 
protrude  into  the  GaAs  and  provide  low-barrier  current  paths 

*  protrusions  at  air-exposed  interfaces  do  not  provide  current 
paths 

*  results  support  field-enhanced  tunneling  as  dominant  Ohmic 
contact  mechanism 


Refractory  Silicide  Contacts  for 
Self-Aligned  GaAs  MESFETs 


T.  Jackson 
J.  DeGelormo 
G.  Pepper 
D.  Basile  (CMU) 


SELF-ALIGNED 
ENHANCEMENT  MODE 
GaAs  MESFET 
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SILICON  GATE  NMOS 


SELF-ALIGNED 
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SELF-ALIGNED 
ENHANCEMENT  MODE 
GaAs  MESFET 


Surface  Depletion 


Gate  Interaction 


SI  GaAa 
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Refractory  Gate  Self-Aligned 
MESFET 


Need  a  gate  material  that: 

•  Can  be  patterned  to  small  dimensions  (<  1 

|im). 

•  Can  serve  as  a  mask  for  the  N-f  self-aligning 
implant. 

•  Can  survive  the  N+  implant  activation  anneal 
(800  -  1000°  C,  1  sec.  -  1  hr.)  with  stable  barrier 
height,  ideality  and  carrier  concentration 
under  the  gate. 


•  Can  survive  As-rich  anneal  environment. 


Candidate  Materials 


•  Refractory  Metals 

•  Silicides 
e  Nitrides 
e  Borides 

•  Carbides 


•  Et  Ceterides 
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W/Si 


Pure  W  has  large,  columnar  grain  structure 
either  as  deposited  or  after  moderate  anneal 
(grains  size  ~  film  thickness).  Interacts 
strongly  with  GaAs  above  ~  600°  C  although 
FETs  can  be  made  by  RTA. 

Many  intentional  or  unintentional  impurities 
(e.g.  Al,  O2,  N,  Si),  give  drastically  reduced  grain 
size  and  reduce  interaction  between  such  films 
and  GaAs. 

Use  of  Si  as  grain  refiner  also  allows  formation 
of  stable  refractory  phases:  Wl^Sis,  V^Si. 


W/Si 


Easily  etched  to  submicron  dimensions  (RIE). 

Dense  Him.  Thin  films  useful  as  ion  implant 
mask. 

“Good”  films  show  amazing  thermal  stability 
on  GaAs. 

Relatively  stable  in  As-rich  annealing 
environment  =irsine  atmosphere  anneals 
okay). 

Acceptable  Him  resistivity. 


Barrier  He&it  leV) 


Ideality 


Log10  Counts 


SIMS 


Log10  Counts 


SIMS:  Ti/W  Film 


Annealed:  850°  C,  15  min. 
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As  Deposited 


After  Anneal 


Carrier  Concentration  (cm 


C-V:  W  Rich  W/Si 


Depth(fim) 

Annealed:  850°  C,  20  min. 
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C-V:  Fe  Contaminated  W/Si 


Depth(/xm) 

Annealed:  850°  C,  20  min. 
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Short  Channel  Effects 


Vtfor  "No-channel"  MESFETs 


0.4  micron  thick  W/Si  gate  MESFETs  with  no  channel 
implant.  N+  implant  =  5  x  1013/cm2.  Anneal  800°  C, 
10  min. 


Gate  Length 


Threshold  Voltage 


0.25  micron  -2.0  V 

0.5  micron  +0.5  V 

1.0  micron  +1.0  V 


Companion  structures  with  W/Si  removed  prior  to 
anneal  showed  only  small  conduction  even  at  0.25 
micron  gate  length. 
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Stress  Effects 


FETs  with  no  channel  implant. 

Short  channel  effects  for  convention  MESFETs. 

Interacting  silicide  films  show  enhanced 
interaction  at  pattern  edges. 

Samples  annealed  without  capping  dielectric  and 
insufficient  As  overpressure  show  preferential  As 
loss  near  gate  edge. 


-*■  Flash  Anneal 

-*>  One  step  farther  from  equilibrium 
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Flash  Anneal 


•  Reduces  short  channel  effects. 

•  Makes  “bad”  silicide  look  better. 

o  Makes  silicide  phase  formation  and  silicide-GaAs 
interaction  even  harder  to  understand. 
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Opinion 


Refractory  gate  materials  exist  that  permit 
fabrication  of  self-aligned  MESFET  circuits  at 
LSI  level. 

Performance  may  be  compromised  by  gate 
material  limitations. 

Understanding  of  GaAs  -  refractory  gate 
interface  and  interaction  is  rudimentary. 

“Realistic”  problems  difficult  to  attack;  in 
general  not  being  worked  on  much. 

Things  will  get  tougher  as  channels  become 
shorter  and  shallower. 


Capacitance-voltage  characterization  of  silicic! e-GaAs  Schottky  contacts 

T.  N.  Jackson  and  J.  F.  DeGetormo 

IBM.  T.  J.  Watson  Research  Center,  Yorktown  Heights.  New  York  10598 
(Received  5  June  1985;  accepted  25  July  1985) 

Capacitance-voltage  carrier  concentration  profiling  has  been  used  to  investigate  the  high 
temperature  stability  of  refractory  metal  silicide  films  on  GaAs.  This  technique  is  more  sensitive 
to  silidde-semiconductor  interactions  than  is  forward  I-V  characterization  since  tenacious 
surface  Fermi  level  pinning  of  GaAs  can  yield  stable  diode  barrier  height  and  ideality  factor 
measurements  even  for  some  cases  of  gross  silicide-semiconductor  interaction.  Using  C-V 
characterization  we  have  found  tungsten  silicide  film  compositions  that  exhibit  excellent  high 
temperature  stability  on  GaAs  and  have  suggested  failure  mechanisms  for  other  less  stable  film 
compositions. 


IMTRODUCTION 

High-performance  GaAs  MESFET  circuits  fabricated  us¬ 
ing  refractory  gates  to  allow  self-alignment  offer  attractive 
process  simplicity.  However,  such  processes  require  excel¬ 
lent  stability  of  the  refractory  gate  material  on  GaAs  after 
high  temperature  ( —  800-1000  *C)  anneals.  To  date,  silicide 
films,  particularly  W-Si  films,  have  been  used  most  success¬ 
fully  for  this  purpose.  However,  in  contrast  to  the  silicide 
films  used  in  silicon  technology,  the  films  used  for  GaAs 
technology  have  usually  had  compositions  near  W,Si).  not 
WSi3.  Also,  the  films  used  for  GaAs  technology  are  deposit¬ 
ed  at  the  desired  composition  since  there  is  neither  opportu¬ 
nity  nor  desire  to  react  with  the  substrate.  Because  of  this 
only  a  small  fraction  of  the  knowledge  gained  from  the  study 
of  silicide  films  on  silicon  is  applicable  to  the  study  of  silicide 
films  on  GaAs. 

EXPERIMENTAL 

Previous  workers1,2  have  concentrated  on  diode  I-  V char¬ 
acteristics  as  a  means  for  evaluating  the  stability  of  silicide 
films  on  GaAs.  This  is  somewhat  surprising  since  the  device 
of  interest,  the  MESFET.  uses  the  depletion  layer  character¬ 
istics  of  the  diode,  and  since  it  is  well  known  that  the  GaAs 
surface  Fermi  level  position  is  tenaciously  pinned  near  the 
middle  of  the  forbidden  region  for  a  wide  variety  of  surface 
interactions  and  anneals.1*4  It  is  suggested  that  C-Fis  a  more 
useful  tool  for  evaluating  the  electrical  stability  of  silicide 
(and  other)  films  on  GaAs.  To  illustrate  this.  Fig.  1  shows  the 
apparent  stability  of  a  Ti-W-Si  film  deposited  on  Si-doped 
GaAs  (n  ~  4  x  10' 7 /cm3)  by  magnetron  sputtering  from 
Ti-W  and  Si  targets.  As  can  be  seen,  there  is  no  significant 
change  in  barrier  height  or  ideality  as  determined  by  diode 
forward  I-V  characteristics,  even  for  anneals  at  tempera¬ 
tures  as  high  as  900*C.  The  urge  to  call  this  a  stable  film  and 
claim  no  interaction  with  the  GaAs  is  strong.  However,  C-V 
measurements  show  that  this  film  is  not  stable,  at  least  in  the 
sense  required  for  successful  use  as  a  self-aligned  MESFET 
gate.  Figure  2  shows  the  results  of  C-V  corner  concentration 
profiling  for  the  films  of  Fig.  I  before  and  after  an  850  *C,  20 
min  anneal.  The  C-V  measurements  were  done  using  a  1 
MHz  capacitance  meter  and  a  computer-controlled  data  ac¬ 
quisition  system.  For  each  measurement  the  capacitance 


was  measured  in  reverse  bias  only,  and  the  value  of  carrier 
concentration  found  nearest  the  sample  GaAs-silicide  inter¬ 
face  is  for  zero  bias.  Before  anneal  the  results  show  a  carrier 
concentration  near  the  surface  of  about  4  x  1017  /cm3  and  a 
zero  bias  depletion  depth  of  about  50  nm.  After  the  850  *C 
anneal  the  sample  shows  a  marked  reduction  in  carrier  con¬ 
centration  near  the  surface  and  the  zero-bias  depletion  depth 
has  increased  to  about  1 00  nm.  Since  a  typical  channel  thick¬ 
ness  for  self-aligned  MESFET’ s  is  50-200  nm,  this  amount 
of  interaction  is  not  negligible. 

The  results  of  SIMS  measurements  on  the  Ti-W-Si  films  of 
Figs.  1  and  2  are  shown  in  Figs.  3(a)  and  3(b).  Figure  3(a) 
shows  the  composition  profile  for  the  as-deposited  film.  Fig¬ 
ure  3(b)  shows  the  SIMS  composition  profile  for  the  film 
after  an  850  *C,  15  min  anneal.  There  is  obviously  substan¬ 
tive  movement  of  Ti  into  the  GaAs  from  the  deposited  film, 
and  of  As  out  of  the  GaAs  and  into  the  film.  Although  Figs.  2 
and  3  show  that  the  interaction  of  this  Ti-W-Si  film  with 
GaAs  is  gross,  the  I-V  results  by  contrast  suggest  film  stabil¬ 
ity- 
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Fks.  2.  C-V  carrier  concentration  profiling  results  for  Ti-W-Si  diodes  on 
bulk-doped  GaAs  before  and  after  an  850 ‘C,  15  min  anneal 

(n— fix  10” /cm1). 


Using  C-V  profiling  as  a  sensitive  measure  of  silicidc- 
GaAs  interaction  we  have  characterized  co-sputtered  W-Si 
films  as  a  function  of  composition.  The  films  were  sputter 
deposited  from  planar  magnetron  elemental  sources  with 
both  sources  depositing  simultaneously  onto  a  rotating  sub* 
strate  holder.  The  substrates  were  Si-doped  GaAs  with 
rt~2x  10,7/cmJ.  Some  previous  workers'  have  had  diffi¬ 
culty  depositing  a  wide  range  of  W-Si  compositions  because 
of  stress  (film  failure)  at  some  compositions.  By  using  the 
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Fk.  .1  SIMS  profiles  for  a  Ti-W-St  Him  on  GaA»  before  and  after  an  850  'C. 
15  mm  anneal. 
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Fic.  4.  C-V  carrier  concentration  profiling  results  for  a  W-Si  Aim  with 
composition  near  W,  Si  on  bulk-doped  GaAs  in  ~  2  x  10' 7  /cm'  I  before  and 
after  an  850  *C.  20  min  anneal. 


results  of  Ref.  5  (an “atomic  peening"  stress  control  model) 
we  have  had  no  difficulty  in  depositing  films  across  the  entire 
compositional  range  from  pure  W  to  pure  Si  with  approxi¬ 
mately  constant  film  stress.  After  deposition,  the  films  were 
patterned  into  diodes  for  C-V  analysis  by  reactive  ion  etch¬ 
ing  with  CF4  +  02  and  then  annealed  in  an  anneal  system 
that  provides  an  arsenic  overpressure  to  prevent  GaAs  de¬ 
composition. 


FlO.  5.  C-  V carrier  concentration  profiling  results  for  a  W-Si  film  with  -  40 
at.  %  W  cm  hulk-doped  GaA*  in  -  2  •  10' ' /cm  I  alter  an  850  C.  20  mm 
anneal. 
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Fig.  6.  C-Kcanicr concentration  proftiinf  results  fora  W-Si  film  with  —45 
at  %  Si  on  bulk-doped  GaAs  (n~2x  10" /cm1 1  after  an  850  ‘C,  20  min 

anneal 
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Fig.  7.  C-V  carrier  concentration  profiling  results  for  a  W-Si  film  with 
composition  near  W, Si  containing  — 1000  ppm  Fe  on  bulk-doped  GaAs 
(a— 2X  lO'Vcm1 )  after  an  850  "C.  20  min  anneal. 


Figure  4  shows  that  W-Si  films  with  excellent  C-V  stabil¬ 
ity  can  be  obtained  as  described  above.  The  results  shown  are 
for  a  film  composition  of  approximately  W,  Si.  Such  films 
also  show  excellent  1-V  characteristic  stability,  as  expected. 
Other  workers'  have  found  stable  W-Si  films  with  about 
37.5-39  at  %  Si  (W,Si,).  While  we  also  find  that  films  of 
these  compositions  can  be  stable,  the  scatter  in  the  C-V  re¬ 
sults  is  greater  than  for  films  near  W,  Si.  We  have  used  W-Si 
films  with  compositions  near  W,  Si  to  fabricate  GaAs  MES- 
FET  devices  and  circuits  with  excellent  characteristics. 

Figure  5  shows  the  C-Fprofile  results  for  a  film  with  large 
W  content  (—90  at.  %)  before  and  after  an  anneal  at  850  ’C 
for  20  min.  As  can  be  seen,  there  is  a  large  increase  in  zero- 
bias  depletion  width  and  significant  carrier  concentration 
decrease  near  the  surface.  I-V  measurements  showed  only 
small  changes  in  barrier  height  and  ideality  (0.02  eV  and  0. 1 ) 
after  such  anneals.  Also,  SIMS  could  not  resolve  any  interac¬ 
tion  between  the  deposited  film  and  the  doped  GaAs.  This  is 
not  wholly  surprising,  since  the  required  interaction  need 
only  be  of  the  order  of  the  GaAs  doping  concentration 
(~2x  10IT)  and  this  level  of  interaction  between  a  W-Si  film 
and  the  GaAs  substrate  is  difficult  to  probe  by  SIMS  due  to 
dynamic  range  difficulties. 

Figure  6  shows  C-F  profiling  results  for  a  film  with  large 
Si  content  ( -45  at  %  Si)  before  and  after  an  850  *€,  20  min 
anneal.  Note  that  the  zero-bias  depletion  depth  for  the  an¬ 
nealed  film  is  now  decreased  compared  to  the  unannealed 
film  and  there  is  a  significant  enhancement  of  the  carrier 
concentration  near  the  surface.  In  this  case,  the  /-F charac¬ 
teristics  for  the  diode  also  showed  large  changes  after  anneal 
( —  0.3  eV  decrease  in  barrier  height)  and  the  diodes  became 
“leaky”  in  reverse  bias.  These  results  are  similar  to  those 
obtained  for  WSi,  films  and  may  indicate  that  Si  diffuses 
into  GaAs  from  W-Si  films  under  some  conditions. 


DISCUSSION 

The  above  results  show  some  trends  for  interaction 
between  W-Si  and  GaAs.  There  are  three  main  regions  of 
interest:  a  high  Si  content  regime  that  exhibits  C-V  charac¬ 
teristics  consistent  with  Si  diffusion  into  GaAs,  a  high  W 
regime  that  shows  doping  concentration  reduction  near  the 
silicide-GaAs  interlace  perhaps  due  to  W  diffusion,  and  an 
intermediate  region  of  relative  film  stability.  It  is  expected 
that  the  boundaries  between  these  regions  will  be  soft,  with 
fine  variations  for  small  composition  changes.  This  is  expect¬ 
ed  due  to  the  nature  of  the  film  formation  process.  Consider: 
The  filicide  films  as-deposited  are  nearly  amorphous  (x-ray 
diffraction  analysis  shows  only  slight  coordination!.  The 
films  are  then  annealed  and  react  to  form  polycrystalline  W- 
Si  of  varying  phase  or  phases  depending  at  least  on  composi¬ 
tion  and  anneal.  It  is  likely  that  the  interaction  phenomena 
for  such  films  are  strong  functions  of  the  kinetics  of  the  fili¬ 
cide  formation  which  is  in  turn  a  function  of  many  variables 
such  as  the  details  of  the  anneal  conditions  and  impurities  in 
the  deposited  films.  Also,  it  is  known  that  the  diffusion  of  Si 
into  GaAs  is  a  strong  function  of  the  arsenic  pressure  in  the 
anneal  system.* 

It  is  also  quite  possible  to  have  impurities  present  in  W-Si 
films  whose  presence  can  have  as  large  an  effect  on  film  sta¬ 
bility  as  major  changes  in  film  composition.  For  example. 
Fig.  7shows  the  C-Fprofiling  results  before  and  after  an  850 
*C,  20  min  anneal  fix  a  film  with  the  same  W-Si  composition 
as  that  of  Fig.  4,  but  with  about  1000  ppm  Fe  added  to  the 
film.  It  can  be  seen  that  this  small  addition  ofFe  has  caused  a 
change  in  zero-bias  depletion  width  of  almost  100  nm!  This  is 
particularly  alarming  since  it  is  known  that  filicide  sputter¬ 
ing  targets  may  contain  several  impurities  in  amounts  as 
high  as  100  ppm.' 
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CONCLUSION 

Stable  refractory  metal  silicide  films  are  important  com¬ 
ponents  of  some  high-performance  seif-aligned  GaAs  MES- 
FET  fabrication  processes.  While  film  formation  technology 
has  been  adequate  to  date  to  allow  progress  with  these  pro¬ 
cesses,  the  details  of  film  stability  are  poorly  understood. 
Improvements  in  characterization  and  analysis  of  silicide 
films  with  compositions  far  from  WSi3  should  be  fruitful. 
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GaAs  and  Crystal  Growth 


At  Thermal  Equilibrium 
Gaiy)  +  ~As^(v)  ^  GaAs  ;  A  Gy* 


_  p°  p°  4. 


The  Ga  and  As  activities  (pressures)  are  interdependent  and 
can  assume  a  range  of  values. 
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Crystal  Growth  and  Thermodynamic  Equilibrium 

For  crystal  growth  to  occur,  a  supersaturation  must  be  present 
in  the  growth  ambient 

J_  *  0J- 

^GaP Asi  >  ?Ga  ? As* 

In  CVD  this  supersaturation  is  due  to  the  decomposition  of 
reactive  chemical  precursors. 

Near  Equilibrium  -  small  supersaturation 

-  fast  reaction  kinetics 

•Liquid  Phase  Epitaxy 

As(solution )  +  Ga{l)X  GaAs(s) 

•Halide  Growth 

GaCI(v)  +  -!rAsA(v)  +  ~H2  X  GaAs(s)  +  HCl(v ) 
4  2 

Growth  chemistry  far  from  chemical  equilibrium 
Metal-organic  Vapor  Phase  Epitaxy 
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MOVPE  Growth 

An  open  tube,  cold  wall  epitaxial  growth  Technique  which 
utilizes  metal-organic  and  hydride  growth  precursors  in  a  Hfe 
or  N2  earner  gas. 
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Growth  Conditions 

Growth  Rate  ■»  0.5  -  6.0>un/hr 

Growth  Rate  ■  X»*> 

Gas  Composition: 

Metal-Organic  X*o*10“*  -  10"4 

Hydride  X^^*5  -  lOOX^, 


Growth  Temperature 
Carrier  Gas 


■  0.01  -  1  atm. 
-  550-800#C 
Hj»  Nj, .» 


IBM 


10/as  CT.F.  KhmN 


I 


■ 


I 


I 

! 

I 

I 

I 


MOVPE  Growth  Precursors 

A  wide  variety  of  growth  precursors  are  available  increasing  the 
versatility  of  this  growth  technique. 

An  ideal  vapor  source  should  possess: 

•  Adequate  vapor  pressure 

•  Suitable  purification  routes 

•  Suitable  pyrolysis  temperatures  (RT  stability) 

•  No  mteraction  with  growth  apparatus 

(Stainless  steel, ..) 

•  Appropriate  reaction  routes  during  growth 


Cation 

Source 

Anion 

Source 

Compound 

Semiconductor 

Ga(CHj), 

AsH,  | 

GaAs 

G»(QH,), 

AsH(QHj), 

lAlxGaj.jAs 

AKCH,),  + 

PH,  *  V 

GaAs/j., 

AKQH,), 

(CHj)jPHj 

AW5a.JP 

MCH& 

SKCHJ, 

In,Gau,Sb 
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GaAs  Growth  Rate  (jim/min) 


Temperature  Dependence 


GROWTH  TEMPERATURE  (1000/TxV1) 

1.  Chemical  Kinetic  Limitation 

2.  Gas  Phase  Mass  Transport 

3.  Ga  Desorption  (?)  with  PCac*PTMG 
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Near  the  Growth  Surface 


Phase  Equilibrium 

Gaiy)  +  j-j-^54  or  ^  GaAs(s ) 

Chemical  Equilibrium 
Ga(CH3)3  +  AsH3  X  GaAs(s)  +  Ctf4(v) 


•  Gas  Phase  Reactions 

•  Metal-organics  react  to  completion  at  or  near  surface 

•  As  Activity  determined  by  the  generation  of  As(v)  at  the 
surface  and  diffusion  of  As(v)  away  from  the  surface. 
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Stoichiometric  Defects 


y^4(v)  X  AsAs  +  AsGa 

_L 

K-eq  ~  ^sG^Asa  2 
[EL2]  =  [Asg J  oc  Pa 2 


M.O.Watanabe,  A.Tanaka,  T.Udagawa,  T.Nakainsi,  and  Y.Zohta,  Jap.J.Appl.Phys. 
Vol.22,  (1983)  923. 
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Growth  Environment  Interactions 


Hetero-interfaces 


•  residence  time 

•  lattice  matching 

•  large  V  partial 
pressures 


•  kinetics  of  hydride 

decomposition 

•  thermodynamics 

•  residence  time 

•  lattice  matching 
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Ill-Ill'  Interfaces 


Interface  Structure: 


Large  Pv  ,  (— )  >  >  1 


•  Growth  rate  limited  by  the  mass  transport  of  metal  alkyl 
to  the  surface 


Interface  abruptness 

-  limited  by  the  residence  time,  t,  of  the  reactants  in 
the  reactor 

-  interface  width,  Aw 
AwssGR  *  t 

-  growth  interruption;  impurity  accumulation  at  the 
interface 


•  Lattice  mis-matched  systems 

-  3-D  or  island  nucleation 

-  dislocations 
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AlxGai-xAs-GaAs  Interfaces 


Deep  Level  and  Defects 


xAl(v)  +  (1  —  x)Ga(v)  +  -j-As4(v)  X  AlxGal_xAs  ;A  Gy 
I  AGfiAlAs)  |  >  |  AGf(GaAs) 


o  o  —  o  o  — 

PaiPas*  <  PGa  Pas* 


•  Changes  in  stoichiometry  at  fixed  As  activity 

•  Defect  concentrations  may  change  at  interfaces 

•  Misfit  dislocations  in  lattice  mismatched  materials 


D.AIIsop,  A.R.Peaker,  E.J.Thrush.  and  G. Wale- Evans,  J. Crystal  Growth 
Vol.68,  (1984)  295. 
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V-V;  Hetero-interfaces 


Growth  Environment 

•  Large  PV  V'  pressures 

•  Growth  rate  limited  by  mass  transport  of  metal  alkyl 

Heterojunction  Formation 

•  Rapid  switching  of  all  components 

•  Interface  width.  Aw,  is  determined  by  the  residence  time  of 
reactants: 

AwssGR  *  t 

•  Interface  structure  may  reflect  changes  in  the  local  activity 
of  the  group  V  components. 


Thermodynamics 


(j\7^r)f  1  4  X-  p4  +  -j*  As4  5  GaAs^Pi^ ;  AG/T) 


X  1—  X 


GaAs^Pi  _x 


Kinetics  at  the  Growth  Surface 
4AsH3  As4  +  6H2  ;  ^(T) 

4PH3  kJ  P4  +  6H2  ; 

Composition  is  a  function  of  growth  temperature  and  may  vary 
over  the  surface  due  to  local  variations  in  As/P  in  the  gas  phase. 
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Decomposition 
Adsorption  Rate 


</// 


Rlau)  Rlau) 


lnlGa,.^svP,^-lnP  Heterostructures 


Multi-Quantum  Wells 

M.RazcfhL.  J.P.Duchemin.  J.C.Ponal 
Appl.Phyt.Ult.  V26  (19X5)  46. 

LP-MCCVO 
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Growth  Conditions 
Low  Growth  Rate  ~3  A/ sec 
High  Gas  Velocity 
Continuous  Growth 

-  residence  time  of  gases  ~lsec 
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GaASySbw  -  Metastable  Compositions 
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Growth  of  GaASj,Sbw 

Input  Reactants  Decomposed  at  the  Growth  Front 
P Ga(C2H5)3  =  PGa  »  Pas{CH^) 3  S  ’  P, Sb(CH 3)3  =  * 


GaAs  in  GaAsySbx_y\ 


aGaAs " 


GaSb  in  GaAs}Sbx_y: 


?Ga  Pas} 


s 

aGaSb 

o  0  — 
PGa  P Sb* 


=  K 


GaAs 


=  K, 


GaSb 


Composition: 


y  = 


P “  P Asa 


(P ASi  ~  P +  (P SbA  “ 


Pst) 


Stoichiometry: 

^Ga  ~  PgJ  -  4  (PASl  -  PAs)  +  4  (Psl  -  Psbi) 
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Intensity  of  C-PwJc  (A.  U.) 


Growth  of  GaAs  from  Ga(CH3)3  and  AsH3 


GMCHj)3  ♦  AsH3  CUAs  ♦  4CH4 


N, 


carbon 


.increases  jrith 

decreases  with  Parsi|je 

increases  with  As  surface  site  density 


TX J(mcI  ut  E-Vtuhoff,  J.  Crystal  Cro»ib  ,||  ,141(1914). 
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Carbon  Reduction  with  the  Ethyl  Based 

Chemistry 


Ethyl  Based  MOVPE  Growth 


Possible  Reaction  Paths: 


2C*  +  fH2 

Ga  -  C*H3  — +  AsHj.^acD-C^t  +  AsH2_x(ad) 


OH**  +  H(ad) 


The  use  of  larger  hydrocarbon  radicals: 

1.  weakens  the  metal-carbon  bond 

2.  introduces  new  reaction  paths  for  decomposition 
and  carbon  elimination. 
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Model  of  Carbon  Incorporation  for  Methyl  Based 

Growth  of  GaAs 

1.  Adsorption  of  CH,  on  As  atoms 

2.  Adsorption  of  AsH,_,  on  Ga  atoms 

3.  Hydrogen  Transfer  Reaction 

CH3(ad)  +  AsH^.-CH^ad)  +  AsHa./ad) 

4.  Desorption  of  CH* 

CH<(ad)-*CH«<gt) 

1)  2)  3)  4) 


GafOy,  +  AsH,  -  GaAs  +  CH* 


tt/m  (TJF.  HmscM 


yas' 


Zinc  incorporation 


Zinc  has  a  high  elemental  vapor  pressure  at  temperatures 
encountered  in  MOVPE  growth.  The  Zn  can  interact  with  the 
growth  environment  with  the  subsequent  Zn  concentration  in  the 
solid  being  dictated  by  the  Zn  partial  pressure  above  the  growth 
surface. 


R.W.Glew,  J. Crystal  Growth  Vol.68,  (1984)  44. 
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SiH4  versus  Si2H6 


SiH*  -  Surface  Reaction  Limited 
-  Mass  Transport  Limited 


■g 
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Si2H6  UNITY  DOPING  EFFICIENCY 

t 

- 

o  'k 

\ 
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\ 

XDOPAN-/XTMG 

=  1.0x10  \# 

'  osA 

•  SH. 

4 

- 1 _ 

- L  ,  .1 _ 

0.8  0.9  1.0  1.1  1.2 


GROWTH  TEMPERATURE  (1000/TXK'1) 


For  a  high  degree  of  doping  uniformity,  the  dopant  incorporation 
must  be  mass  transport  limited  in  its  behavior: 

such  that  at  the  growth  front, 

Jd0»ni  =  Jg»  ■*  An  ir  a|” — — 

L  ^Ga 


Summary 


Little  is  known  about  the  actual  growth  reactions  taking  place 
during  the  MOVPE  process.  There  is  substantial  evidence  that 
during  the  MOVPE  growth  of  a  III-V  materials  the  growth  front 
is  in  near  thermal  equilibrium. 

•  Stoichiometric  Defects 

•  Alloy  Composition  in  V-V/  Materials 


The  growth  environment  can  affect  the  electrical  properties  of 
interfaces  due  to  changes  in  the  defect  structure  of  the  materials 
as  the  composition  is  altered  across  an  interface.  The  change  in 
the  chemical  composition  near  the  growth  front  dictates,  in  part, 
the  structure  of  the  interface. 
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of  X-Rays 


and 


Extended  X-Ray  Absorption 
Fine  Structure 

EXAFS 


Bruce  A.  Bunker 
Notre  Dame 


E  X  A  F  S 


Extended  X-Ray  Absorption  Fine  Structure 


X-Ray  Energy 


o  Atom— Specific 

o  Local  Environment 

o  1st.  2nd.  sometimes  3rd  shells 
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Major  Strength  of  EXAFS: 

LOCAL  PROBE 


Extreme  Example: 

Impurity  in  Semiconductor 

Focus  on  Impurity  Atom, 
determine: 

*  Types  of  Neighbors 

*  Number  of  Neighbors 

*  Distance  to  surrounding 
1st  and  2nd  shell  atoms 

*  Vibrational  Properties 

*  Site  Symmetry 

(from  Near-Edge  Structure) 

Y33 


Local  Environment  About 
Impurities  in  Semiconductors: 

The  Fe  Site  in  Fe-Implanted  Si 

with:  P.  Bandyopadhyay 

Determine: 

—  impurity  site 

—  lattice  relaxation 

—  impurity  complex  formation 


Experimental  Technique: 

—  Grazinf  Incidence 
(Impurities  near  surface) 

—  Fluorescence  Detection 
(dilute  impurities) 

—  Sample  Rotating  During  Data 
Acquisition 

(suppress  Lane  diffraction  lines 
contaminating  data) 


Results:  Fe  Site  in 
Fe— Implanted  Si 

o  Tetrahedral  Interstital  Site 
o  First  Shell  Expands  0.10+0.05A 
o  Second  Shell  Contracts  0.07+.06! 

Precision  measurement : 

Beats  in  EXAFS  Amplitude  yield 
Distance  Difference  Rg— IL 


If  UndiSbrted: 

0.35A 

We  Find: 

0.18±.0.03A 

Excellent  Agreement  With  Theory: 
Zunger,  et  al.S  O.ftA 

—  agreement  within  0.01A! 
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in  x-ray  region,  index  of  refraction  n  <  1 

— — >  total  external  reflection  possible 
for  grazing  incidence 

For]  0  <  0C  ,  d  =  ~  10-30A  _ 

—  Surface  Sensitivity 

y3<b 


Total  External  Reflection 

+  Fluorescence  Detection 

=  Surface  Sensitivity 

Ion  Chamber 

A  A  A  A  A 

i  i  i  i  i 

Fluorescence  !  !  !  ! 

Radiation-^  M  !  ! 


Probe  Local  Environment 
within  ~10  A  of  Surface 

wucH  ywoM.  Scwitiv* 

1  —6©  I  te&CTAlLt 
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Low— Z  Overlayers 

e.g.  A1  on  GaAs 


Tune  0  :  0  <  0  <  0„  . 

A1  Gafa 


—  Sensitive  to  As  atoms  within 

~10A  of  Buried  Interface 

•  _ 

Study:  Diffusion 

Compound  Formation 
Defect  Complex  Formation 
Schottky  Barriers  (?) 
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Composition  Dependence  of  Metal  In  A1 

x  2-x 

Barrier  Height  and  Its  Application 


Harry  ffieder 

University  of  California  -  San  Diego 


vv3 


SNOH 


CATHODOLUMINESCENCE 


CL  peak  energies  as  a  func¬ 
tion  of  In1-xAlxAs  allo&  composition  at  . 
300  °K.  The  X  conduction  band  has  been 
extrapolated  to  InAs  on  the  basis  of  the 
conduction  band  cross  overpoint  and  the 
X  point  in  ALAs. 


Lattice  Mismatch,  a  a/a 
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•C*  W— 


Bias  Voltage  (V) 


Photon  Energy  (eV) 


lnrAL,.xAs 

ZA6- 3/6  x  (x>o.4z) 

4>an  (ALAs)  =  /.  2  &V  (measured) 

<t>an(x=  0.32)  =  1.4  Se.v  (extrapolated) 

o  la)  =  O  '  /, 

$an(x>018)=  inverted  surface  » 
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(In-Situ)  contacts  to  GaAs  based  on 

In  As 


S. L.  Wright 

E.D.  Marshall  (summer  student) 
R.F.  Marks 

T. N.  Jackson 
S.  Tiwari 
H.  Baratte 


EBM  Watson  Research  Center 
Yorktown  Heights,  NY. 
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In-Situ  Epitaxial  Contacts:  Device  Motivation 


I 
I 
I 
I 
I 

*  •  Bandgap  Engineering:  improved  understanding  of  ohmic 

I  contacts 

|  o  superior  to  Au/ Ge/Ni: 

•  very  uniform  and  shallow 

*  •  good  temperature  stability 

|  •  potentially  lower  contact  resistance  ? 

•  compatible  with  refractory  metallization 

•  good  for  self-alignment  schemes  involving  small  area  contacts 

•  advantages  for  stop/regrowth  applications 


} 
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Heterostructure  Devices  with  In-Situ  Contacts 


/T7 


In-Situ  Contacts  based  on  (!n,Ga)As 


graded  bandgap  contact:  (In,Ga)As/GaAs  (Woodall  et  al 
1981) 


NON  ABRUPT 
INTERFACE 
/  \ 


'l-XlnX 


abrupt  junction:  InAs/GaAs 


•  Reproducible  growth  and  processing 

•  May  require  less  material  than  "graded”  contact 

•  May  require  heat  treatment 

ISM 
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GOOD  news  and  BAD  news 


•  rn  increases  sharply  with  doping  (and  fermi  level) 


•  InAs  can  be  doped  with  electrically  active  concentrations 
approaching  1021  cm-3 
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Fermi  level  (meV) 


InAs  bulk  Fermi  level 


?§lyf 
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ION  INTENSITY  (countt/MC 


Abrupt  Structures:  typical  results 


sample 

GaAs  doping 
(cm-3) 

Rt(fi-mm) 

pc(Q-  cm2) 

V671 

300A  n+InAs 
850°C,  3  sec 

2xl017 

0.47 

9xl0-6 

V844 

200 A  n+InAs 
880°C,  1  sec 

5  x  1017 

0.3 

lxlO-6 

V917 

300A  n+InAs 
750°C,  5  min 

lxlO18 

0.17 

2.6  xlO-6 

850°C,  18  sec 

0.23 

2.2  xlO-6 

Metal/In  As  interfacial  contact  resistance 


ex)  V903:  500A  n+  InAs/ir  GaAs  buffer 


Hall  (300K):  ns  ~  2.6 x  1014  cm'2 

H  ~  300  cm2/V-s 


Rs~  8012/ □ 

heat  treatment 

R.(12-mm) 

pc(12-cm2) 

as-grown 

0.07 

3-5  xlO'7 

650°C,  5  min 

0.06 

3.6xlO-7 

750°C,  5  min 

0.06 

3.3  xlO-7 

850°C,  5  min 

0.09 

2.3  xlO-7 

850°C,  18  sec 

0.07 

4.0xl0-7 

•  finite  WSi/InAs  interface  resistance 
pc  <  5x  10~7 12 -cm2 

•  NOT  a  limiting  factor  in  most  cases 
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Graded  Structures:  typical  results 


o 

0.2/im  1  x  1018  GaAs  channel/  graded  layer/  200  A  n+  InAs 

contact  layer  etched  down  to  channel  in  gap  regions. 

5  min.  750  °C  arsine  anneal 


sample 

R.tfVCJ) 

Rt(K-mm) 

pc(£2-cm2) 

V914  as-grown 

213 

0.09 

4xl0~7 

600A  grade 

V914  annealed 

458 

1.0 

2xl0*5 

V907  as-grown 

192 

0.08 

3.5  xlO-7 

3 20 A  grade 
V907  annealed 

209 

0.19 

1.7  xlO-6 

V905  as-grown 

207 

0.09 

4xl0~7 

1 80A  grade 
V905  annealed 

176 

0.07 

3xlO~7 

HBT  characteristics 


vertical  npn  structure  on  n  +  substrate 
25  fitn  diameter  emitter 
WSi/InAs  self-aligned  ohmic  contact 
p+  implant;  850  °C,  2-3  s  anneal 


-rvvC  ■ 


no  ^ / 


Summary 


•  In-Situ  Contacts:  solution  for  self-aligned  SISFET  and  HBT 
structures. 

•  Good  morphology  and  electronic  properties  at  small  InAs 
thicknesses 

•  Transport  data:  AEc(InAs/GaAs)  ~  0.5-0.6  eV 
HJ  Fermi  level  NOT  pinned  near  mid-gap. 

•  Abrupt  structures  which  are  capped  are  compatible  with 

implant  activation  anneals.  For  1018  cm-3  GaAs: 
as-grown:  pc  ~  1-5  x  10-3 12 -cm2  (non-linear) 
annealed:  pc  ~  1  x  10~*  12 -cm2 ,  <  0.3  12-mm) 

•  WSi/InAs  interfacial  resistance:  pc  <  5  x  10~7 12 -cm2 

•  as-grown  graded  structures  have  low  contact  resistance 
pc  <  4xl0~7 12-cm2 ,  Rt  <  0.1  12-mm 

•  tendency  for  graded  structure  contact  resistance  to  degrade 
with  heat  treatment,  spinodal  decomposition? 

•  improvements  are  anticipated  with  optimal  growth  conditions 
and  more  heavily  doped  layers. 
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Fig.  7.  Comparison  of  the  rates  of  FdjSi  dissociation  in  Al/Pd2Si/Si 
contacts  for  polycrystalline  Pd2Si  films  containing  pinholes  on 
Si( 111)  and  pinhole-free  on  Si(IOO).  The  rate  of  dissociation 
was  measured  from  the  distance  X  of  AI  penetration  into  PdjSi. 
Data  are  normalized  to  lhr  and  plotted  vs.  X2  because  of  the 
kinetics. 
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Observation  of  interface  states: 

-  filled  and  empty  states  in  bandgap 

-  states  determine  Fermi  level 

-  derived  from  d-electrons  of  transition  metal 

Chemical  evidence  and  spectroscopic  signature 
suggests  a  substitutional  impurity 

Limitations  and  issues 

-  not  applicable  to  all  transition  metals 

-  single  defect  oversimplified 

-  independent  corroboration  required 

-  role  of  chemistry  at  interface 

-  relevance  to  thick  coverage  not  known 
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Unpinned  GaAs  Surfaces  by 
Photochemistry 

Jerry  M.  Woodall 
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Experimental  Setup 

Verification  of  the  Unpinned  Surface 


excitation  energy  shows  a  nearly  fiat  response  indicating 
substantial  dearerasg  ax  both  surface  band  bending  and 
surface  iscowbfigat&aB  velocity 


•  Raman  Spectroscopy  shows  a  reduced  LO  phonon 

intensity  and  arc  enhanced  plasmon  intensity  indicating 
reduced  surface  depletion  region 


•  C-V  measurements  of  Hg/PMMA/GaAs  MOS  capacitors 
are  consistent  with  low  interface  state  density 
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Characteristics  of  the  Treated  (Unpinned)  Surface 

•  Repins  in  air  (t  =  1  h)  and  on  heating  in  air  (t  <  1  m, 
T=  100C) 

•  Repins  in  acid  and  Base  solutions  and  vapors  (r  =  1  s) 

•  Stable  in  vacuum  and  inert  ambients  even  on  heating 
<TS  100C) 

•  Stable  in  desiccated  axr  at  room  temperature 

•  Auger  electron  spectroscopy  of  thick  oxide  layers  shows 
oxide  consists  of  >  98%  Ga  oxide  and  <  2%  As  oxide 
(detection  limit).  Untreated  surface  shows  about  equal 
parts  of  Ga  and  As  oxides 

•  XPS  of  thinner  oxides  shows  oxide  species  to  be 
predominantly  Ga203 
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Fig.  3L  The  rr-GaAs  (TT(I);  surface  band  bending  as  the  function  af 
the  effective  rrafcsTe  metal  coverage  or  the  ideally  cleaved 
n-GaAs  (D-TCt)  surface  band  bending  as  the  function  of  the 
noble  metal  coverage.  The  numbers  in  the  mark  refer  to 
the  sample  numbers  as  shown  in  Fig.  2.  - 

K.vc.dL;*,  A.C*o,  X-UvJUm. 
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